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JOURNAL POLYMER SCIENCE: PART VOL. (1963) 


EDITORIAL 


The year 1963 the first which the Journal was presented its 
new format, i.e., divided into parts; (A) General Papers, (B) Letters, 
and (C) Symposia. Papers related biopolymers have been published 
companion journal, Biopolymers. The new mode publication proved 
efficient and expedient and enabled fulfill the aims outlined 
our editorial last year. 

General Papers could published regular sequence, the order 
their acceptance the editors, and the issues Part appeared 
regular monthly intervals. Letters the Editors could published 
within weeks. Symposia could published whenever manuscripts 
were ready, without interrupting the flow the general papers. 

But our goal reducing the time-lag between acceptance papers and 
publication 6-8 months could not achieved. The reason was the 
unexpected increase the submission publishable papers. effort 
improve this situation immediately, the following steps have been 
taken during 1963: 

(1) The editors are turning back larger percentage manuscripts 
either because they are not direct interest the readers the Journal, 
because they not fully meet quality requirements. 

(2) The editors are systematically encouraging the authors reduce 
the size their manuscripts. 

(3) The publishers are enlarging the 1963 Journal from the originally 
planned 4800 pages 5800 pages (Part A—4300; Part B—600; Part 
C—900) without additional charge. 

These measures will not sufficient for 1964 when expect least 
1000 additional pages consisting original material and the following 
symposia: IUPAC Paris Symposium and the ACS Symposium Thermal 
Analysis Polymers and the Rheo-Optics Symposium held the Uni- 
versity Massachusetts. 

Editors and publishers are firmly convinced that the value the Journal 
will greatly enhanced for contributors and authors alike the re- 
duction publication time 6-8 months. reach this goal, the editors 
will become more strict accepting and reducing papers. But this will 
not sufficient enable publish approximately 9000 pages (Part 
5850; Part B—750; Part C—2400), which need reduce the pub- 
lication time. are therefore forced raise our subscription price 
again. 

believe that this wiser course than establish page charge 
for contributors their employers, practice which has become customary 
among scientific societies. 
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further wish announce that will publish the beginning 
1964 Cumulative Index (Author and Subject) for Volumes LXII 
(1946 1962). you know, substantial part the research and de- 
velopment polymer science has been published our Journal. The 
Index will therefore become indispensable source information for all 
future research and will not only give the owner the Journal access the 
published material, but will become important desk tool for everybody 
who engaged research and publication the polymer field. 

have the following plans for our companion journals for 1964: The 
Journal Applied Polymer Science will increased size 600 pages, 
and Biopolymers will published Parts: General Papers and the 
Stanford Symposium Quantum Aspects Polypeptides and Poly- 
nucleotides. 


Editorial Board and Publishers 
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Generalized Approach Adhesion Via the Interfacial 
Deposition Amphipathic Molecules. 
Adhesion Polyethylene Aluminum 


SCHONHORN, Bell Telephone Laboratories, Incorporated, 
Murray Hill, New Jersey 


Synopsis 


Oriented monolayer adhesives radioactive stearic acid have been employed bond 
polyethylene aluminum. Bonding time, bonding temperature, and rate peel are 
several the parameters that were varied determine their effect the final peel 
strength. Techniques for maximizing the resistance peel are discussed and incor- 
porated thiscommunication. Peel strengths excess width are reported 
with stearic acid the monolayer adhesive. The peel forces obtained the present 
investigation are more than two orders magnitude greater than those reported the 
literature. The only limitation being the cohesive strength the thermoplastic ad- 
hered. Kaeble’s peel force theory described and adapted our experimental data. 
Reasonably good agreement obtained for low peel strengths (<25 width). 


INTRODUCTION 


Previously,' has been demonstrated that the adsorption condensed 
monolayers long chain amphipathic molecules between selected adher- 
ends afforded bonding phase possessing high degree orientation, 
uniformity Oriented condensed monolayers these 
amphipathic molecules were employed effective adhesives bonding 
polyethylene aluminum producing bond strengths exceeding the cohesive 
strength the bulk polyethylene. Data obtained from contact angle and 
tracer experiments have helped optimize the bonding conditions de- 
scribed the previous communication. 

Monolayer desorption indicated that chemisorption the polar 
functional groups occurred when they came into contact with the sulfo- 
chromated aluminum surface. addition, the aliphatic portion the 
monomolecular layer has been shown mechanically encapsulated 
well chemically bonded the hydrophobic polymer phase. 

this communication the peel strength data presented previously will 
extended illustrate further the degree the adhesion polyethylene 
aluminum. the past, the 180° peel test corresponding ASTM test 
D903-49 will used exclusively. Bonding time, bonding temperature, 
and rate peel are several the parameters that were varied determine 
their affect the final peel strength. 
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The residual film thickness polyethylene the aluminum surface 
after peeling determined employing radiolabeled stearic acid the 
oriented monolayer adhesive. When one considers the residual film after 
peeling the adhesive thickness, reasonably good agreement obtained 
with the existing theory width. 


EXPERIMENTAL 
Material 


Stearic acid, labeled with the carboxyl group, specific activity 
8.3 was obtained from Tracerlab Inc., Waltham, Massachu- 
setts. The force—area isotherms this radioactive species deionized 
water and aluminum chloride produced extrapolated areas per 
molecule zero compression 20.5 and 29.6 A.,? respectively. The 
collapse pressure the stearic acid deionized water was 42.5 
while the collapse pressure the stearic acid aluminum chloride 
was The purity this material was verified Dr. 
Sharpe the Bell Telephone Laboratories, Inc., using the technique 
infrared spectroscopy involving frustrated total internal 


Peel Experiments 


Sulfochromated Alclad aluminum 2024-T3 test specimens 1/16 
in.), coated with monolayer stearic acid deposited 
surface pressure, were bonded with sections abraded and acetone-washed 
polyethylene ona calibrated hot stage. They were cooled, 
then peeled 180° according ASTM D903-49 (test for peel stripping 
strengths adhesives) except that crosshead separation rates ranging from 
0.2 in./min. were employed. Three bonded specimens were peeled 
for each reported value. The results are reproducible within +5% the 
recorded value. 

For the remainder the materials and the preparation and characteriza- 
tion the monolayers, the reader referred Part this 

All experiments reported here were carried out room temperature 
unless otherwise noted. 


THEORY 


discussion the theory outlined Part this series. The experi- 
mental data obtained the present communication substantiate the 
theoretical analysis. The results this analysis may summarized the 
following manner. 

The adsorption energy mole amphipathic molecules polar 
substrate would 


—1440(n) 
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where the number methylene groups the hydrophobic portion 
the molecule. The energy liberated the adsorption surface 

have the hydrocarbon portion our amphipathic molecule dis- 
solved the polymer phase which are bonding, and possibly chemi- 
cally bonded this phase crosslinking phenomenon, the energy 
necessary rupture the interface would prohibitive. Therefore only 
failure one both the adherends should result. 


IV. RESULTS AND DISCUSSION 


The effect surface pressure function peel force' has indicated 
that low surface coverage results decrease from the maximum bond 
strength which can realize when fully condensed monolayer adsorbed 
onto our polar adherend. For this reason, the present investigation 
dynes/cm. were used the plating pressure. 


110 
100 


PEEL FORCE POUNDS/IN. WIDTH 


BONDING TIME MINUTES 


180° peel test corresponding ASTM D903-49. Polyethylene bonded 
177°C. for varying lengths time sulfochromated Alclad 2024-T3 aluminum having 
adsorbed monolayer radioactive stearic acid deposited dynes/cm. from 
trough containing 0.0005M aluminum Peel rate was in./min. Specimens 
were peeled the day preparation. 
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MIN, 
BONDING TIME 
BONDING TIME 
MONOLAYER; MIN. 
BONDING TIME 


PEEL FORCE WIDTH 


PEEL RATE IN./MIN. 


Fig. 180° peel test corresponding ASTM D903-49. Polyethylene bonded 
205°C. sulfochromated Alclad 2024-T3 aluminum having adsorbed monolayer 
radioactive stearic acid deposited dynes/cm. from trough containing 
aluminum chloride. Specimens were aged four days prior testing. 


The previous dealt mainly with low bonding temperatures and 
short exposure times. will attempt extend both these parameters 
the present communication. 

has been established that the contact angle molten polyethylene 
the prepared substrate goes zero degrees approximately min. 
temperature The observed contact angle reflects the extent 
which the prepared substrate wet molten polyethylene. More- 
over, approaches zero, the bond strengti the system approaches 
maximum value, barring any degradation the polymer result being 
that temperature for the prescribed length time. Figure depicts the 
peel force function bonding time 177°C. Monolayers radio- 
active stearic acid were deposited onto sulfochromated Alclad 2024-T3 
aluminum from trough containing 0.0005M aluminum chloride sur- 
face pressure The bonded specimens were peeled the same 
day 5in./min. The results indicate that the whole spectrum 
peel force may obtained, the only criterion being the bonding time the 
desired temperature. Beyond min. exposure, significant increase 
peel force was noticed. Peel force for min. exposure the same that 
‘These data further substantiate our contact angle experiments. 
particular application only few pounds per inch width peel force 
may satisfactory. This can achieved readily short time exposures. 


80 
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Specimens exhibiting high peel resistance (>50), always had visible 
thin film residual polyethylene remaining the metal substrates. 
the peel force increased, this residual film increased thickness. 


PEEL FORCE WIDTH 


IRRADIATED; 0.0005M 
TROUGH SUBSTRATE 


IRRADIATED; DEIONIZED WATER 
TROUGH SUBSTRATE 


NON IRRADIATED; 
TROUGH SUBSTRATE 


PEEL RATE IN./MIN. 


Fig. 180° peel test corresponding ASTM D903-49. Polyethylene bonded for 
min. 177°C. sulfochromated Alclad 2024-T3 aluminum having adsorbed 
monolayer radioactive stearic acid deposited Specimens received 

dose Mrads prior testing. 


important note that all the experiments reported this communica- 
tion pressure was exerted form any the bonds, beyond the weight 
the polyethylene. Pressure may have advantageous effect hastening 
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the wetting the substrate surface, thereby increasing the peel force for 
similar bonding times. 

Figure illustrates the effect bonding time 205°C. with and without 
oriented condensed monolayer adsorbed onto the sulfochromated 
Alclad aluminum surface. The peel force recorded function the 
rate peel. evident that there definite enhancement the peel 
force for min. bonding time when condensed monolayer stearic acid 
has been adsorbed previously. Longer bonding times 205°C. appear 
have deleterious effect the peel strength. These results indicate that 


140 


BONDED MIN. 
PEELED SAME DAY 


BONDED 10MIN. 
PEELED SAME DAY 


IRRADIATED, BONDED 10MIN. 


120 BONDED 10MIN. 
PEELED 4DAYS AFTER PREPARATION 


Fig. 180° peel test corresponding ASTM D903-49. Polyethylene bonded 
177°C. sulfochromated Alclad 2024-T3 aluminum having adsorbed monolayer 
radioactive stearic acid deposited from trough containing 0.0005M 
aluminum chloride. Irradiated specimens received dose Mrads prior testing. 


long exposure too high bonding temperature may destroy large frac- 
tion the adsorbed monolayer well degrade the polymer. The values 
tend approach the peel forces obtained with adsorbed monolayer. 
Monolayer desorption experiments 205°C.' indicated that approximately 
35% the condensed monolayer was lost during 20-min. exposure. 

One interesting observation the tendency for the peel force converge 
some common value the peel rate approaches are 
extending our peel force data this region. 

Although have not determined the contect angle function time 
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PEEL FORCE POUNDS/ IN. WIDTH 


PEEL RATE 


Fig. 180° peel test corresponding ASTM D903-49. Polyethylene bonded 
various temperatures for min. sulfochromated Alclad 2024-T3 aluminum having 
adsorbed monolayer stearic acid deposited dynes/cm. from trough containing 
deionized water. Specimens were irradiated dose Mrads. 


205°C., appears that min. less sufficient wet completely the 
substrate surface with polyethylene. 

The high peel force without the monolayer probably due mechanical 
encapsulation the polyethylene the porous sulfochromated Alclad sur- 
face. Recent work polished stainless steel surfaces indicates that the 
monolayer gives markedly improved peel strengths. Here mechanical 
adhesion precluded, the only agent acting enhance adhesion being the 
oriented monolayer adhesive. 

The peel force function the peel rate for irradiated and nonirradi- 
ated specimens presented Figure These samples were bonded for 
min. 177°C. The surface pressure the radioactive stearic acid, 
previous cases, was The trough substrate was 
aluminum chloride. Specified samples were irradiated total dose 
Mrads. comparison purposes, samples prepared the same time but 
not irradiated showed considerably less peel force than the irradiated speci- 
mens. Once again the values low rates peel tend converge. The 
trough substrate does not appear affect greatly the peel force when 
consider irradiated samples. One possible reason for the greater peel forces 
when employed deionized water our trough substrate, would the 
larger number stearic acid molecules our metal substrate. This 
apparent when observe the force-area isotherms and the area occupied 
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PEEL FORCE POUNDS/IN. WIDTH 


140 150 160 170 180 190 200 210 220 
TEMPERATURE DEGREES CENTIGRADE 


Fig. 180° peel corresponding ASTM D903-49. Polyethylene bonded 
various temperatures for min. sulfochromated Alciad aluminum having 
adsorbed monolayer stearic acid deposited dynes/cm. from trough containing 
deionized water. Specimens were irradiated dose Mrads and peeled 
in./min. 


per molecule zero compression the monolayer. Moreover, the actual 
count our substrates before bonding indicates greater surface 
coverage with deionized water our trough substrate. 

Irradiation causes the hydrocarbon matrix the polymer become 
crosslinked itself and apparently the hydrophobic portion our 
amphipathic adsorbed molecules. addition, there probably some 
crosslinking the stearic acid itself. 

Figure presents data concerning the pee! force function aging 
the bonded specimens. Nonirradiated specimens were prepared bond- 
ing polyethylene 177°C. for min. sulfochromated aluminum with 
adsorbed monolayer radioactive stearic acid deposited dynes/cm. 
from trough substrate 0.0005M aluminum chloride. remarkable 
enhancement peel force upon aging apparent from 
tion Mrads further increases the peel force the system. Once again 
note the effect min. bonding time. When the contact angle 
molten polyethylene the monolayer covered substrate attains equilib- 
rium value zero, obtain maximum adhesion our adherends. 
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200 


100 


PRESENT INVESTIGATION 


PEEL FORCE POUNDS/IN. WIDTH 


POLYETHYLENE” 


PEEL RATE IN./MIN. 


results from the present investigation. 


Figure the peel force function bonding temperature and rate 
peel illustrated. All the specimens have been exposed Mrads 
irradiation prior peeling maximize the peel force. these instances, 
the stearic acid was deposited from trough containing deionized water and 
peeled about one week after preparation. have demonstrated earlier 
that the peel forces are essentially the same for trough substrate con- 
taining aluminum chloride deionized water when the specimens are 
irradiated with Mrads. Although not have the maximum peel 
force because bonded for only min. rather than min., the time 
necessary wet completely the substrate, the effect bonding temperature 
becomes quite apparent. Above 177°C. there tendency for the peel 
force decrease, probably due disruption and solubilization the mono- 
layer the polymer matrix. 150°C. insufficient wetting the substrate 
surface occurred enable one obtain respectable peel forces. There 
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was obviously insufficient time allow the hydrophobic tails the stearic 
acid diffuse into and become anchored the polyethylene network. 
Figure further points out this phenomenon plotting the peel force 
function the temperature preparation peel rate 5in./min. The 
maximum for min. bonding time the region 177°C. There 
nothing particularly significant about this temperature except that the 
degree wetting and monolayer retention are maximized apparently under 
these conditions. Longer bonding times lower temperatures should 
produce the same bond strengths. 

The adhesive system has been considered 
primarily because previous have had difficulties obtaining 
good adhesive bonds. Bikerman has argued his “rheological theory”’ 
that poor adherence must due the presence weak boundary 
Bikerman has used the system promote his 
particular approach. The two alternatives posed him would either 
making polyethylenes more chemically active removing from them sub- 
stances giving rise weak interfacial films. 

removing substances giving rise weak interfacial films, Bikerman 
has reported values few pounds per inch width for the peel force. 
These results are considerably lower than those reported the present 
investigation. Bikerman has actually employed surface-active materials 
decrease the adhesion between polyethylene and has been 
demonstrated this communication that oriented monolayers can increase 
adhesion selected adherends one another. 

illustrates the data Bikerman‘ and the present investiga- 
tion. Extrapolating from our data, constant peel force function 
peel rate assumed for Bikerman’s data. Bikerman did not consider the 
rate peel his studies. The values obtained the present investigation 
exceed two orders magnitude the peel force Bikerman’s “adhesion- 
polyethylene. 

attempt has been made this study alter the properties the 
polyethylene obtained from the manufacturer. weak boundary 
layer existed the bonded system virtue not extracting substances 
giving rise weak interfacial films, poor adhesion should have resulted. 
can concluded that not the impurities the polyethylene that are 
contributing poor adhesion, but rather, the lack intermolecular forces 
between the adherends. Oriented monolayer adhesives act bridge 
between adherends. They are attached both phases virtue chem- 
isorption and encapsulation. 

perhaps instructive attempt correlate the peel force data with 
the theory presently available. The several analyses currently available 
treat simple one dimensional stress distributions the vicinity the bond 
boundary. From this elementary viewpoint the bond stresses are consid- 
ered uniform through the thickness and across the width the bond and 
variable only function distance from the advancing boundary. 
will attempt correlate our data with the theory presented 
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FILM THICKNESS MILS 


Fig. Per cent counts per minute remaining function the average 
residual film thickness polyethylene sulfochromated 2024-T3 aluminum 
having adsorbed monolayer radioactive stearic acid deposited dynes/cm. 
from trough containing 0.0005M aluminum chloride. Specimens were bonded 
177°C. for varying lengths time and peeled in./min. 


member thickness and width adhesive interlayer thickness 
and fixed and rigid substrate. Kaelble’s analysis yields, 


where the peel force, and are the cleavage and shear stress respec- 
tively, dimensionless factor which relates the cleavage bond force 
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FILM THICKNESS MILS 


PEEL FORCE WIDTH 


Fig. 10. Average thickness polyethylene film remaining sulfochromated 
Alclad 2024-T3 aluminum after 180° peel test corresponding ASTM D903-49. The 
metal substrate had adsorbed monolayer radioactive stearic acid deposited 
from trough containing aluminum chloride. Specimens 
were bonded 177°C. for varying lengths time and peeled in./min. 


Young’s modulus and the adhesive shear modulus. high angles 
peel the above expression takes with fair precision the following 
form: 


where the cleavage stress mechanism the dominating process failure 
and the shear stress contribution becomes negligible. 180°, the angle 
which perform our analyses, 1.0 and the expression further 
reduced 


= 4 


the assumption made that the polyethylene remaining the metal 
substrate after peeling corresponds adhesive interlayer the Kaelble 
sense, then method available for the testing his theory. Employing 
radioactive stearic acid the monolayer, the per cent activity function 
peel strength and residual film thickness specimens bonded for various 
times 177°C. was determined. 
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illustrates the peel force function the bonding time 
employing radiolabeled stearic acid the monolayer adhesive. Short 
intervals exposure results spectrum peel forces. activity 
the peeled aluminum surfaces was measured and related thickness 
polyethylene remaining the substrate. The counting procedure, was 
standardized employing several thicknesses aluminum and Mylar. 
the thickness was increased, decrease the number counts was 
recorded. Knowledge the density these materials made possible 
relate loss activity with definite thickness polyethylene. 
depicts the film thickness polyethylene remaining the metal substrate 
covered with monolayer stearic acid deposited dynes/cm. from 
trough containing 0.0005M aluminum chloride. After peeling, the poly- 
ethylene sections all the specimens showed essentially count. Ap- 
proximately 50% the counts are lost for thickness only 0.75 mils 
polyethylene. Considerably greater thicknesses polymer are needed 
stop the higher energy particles the decay spectrum. The average 
energy the particles only 40% the maximum. The peel forces 
these specimens obtained rate peel in./min. are plotted func- 
tion residual film thickness Figure values the peel force 
lb./in. width, This related the storage energy 
factor Kaelble’s theory. reasonably good fit the data obtained 
low peel strengths when equal 1.6 

future experiments will employ lower rate peel the region 
where the peel force longer linear function the peel rate. This 
may tend bring the deviations above lb./in. width peel force closer 
the curve. 


CONCLUSION 


The adsorption condensed monolayers radioactive stearic acid 
between selected adherends affords bonding phase possessing higher 
degree orientation, uniformity and specificity. The generalized ap- 
proach adhesion which has been presented should adaptable, 
principle, the bonding any pair adherends without regard their 
surface polarities. 

The force necessary peel polyethylene from properly bonded alu- 
minum surface has been demonstrated orders magnitude greater 
than the values previously recorded the literature. 

future communications the systems, stainless steel—polyethylene, 
copper—polyethylene, and stainless steel—poly- 
propylene will discussed. will shown that for properly prepared 
substrate, the final bond strengths are independent the substrate phase, 
since the polymer makes intimate contact only with the monolayer. 


sincerely thank Dr. Struthers, Dr. Salovey, Dr. Sharpe and the mem- 
bers the Adhesives Group for their kind assistance the experimental phase this 
work, 
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Résumé 


Des adhésifs couches monomoléculaires base d’acide stéarique radio- 
actifont été employés pour lier temps liaison, 
température liaison vitesse d’écaillement sont les différents paramétres qui ont 
été variés afin déterminer leur effet sur résistance finale Des 
techniques pour augmenter résistance sont discutées incorporées 
dans mémoire. Des résistances au-dessus 100 d’épaisseur 
sont reportées employant stéarique comme adhésif couche monomolécu- 
laire. Les résistances obtenues dans cette étude sont plus grandes 
deux ordres granduer que celles reportées dans littérature. seule limitation 
consiste dans force cohésive thermoplastique. théorie Kaelble sur 
résistance est décrite adaptée nos résultats expérimentaux. 
accord raisonable est obtenu pour des résistances basses (25 
width). 


Zusammenfassung 


Zur Verbindung von mit Aluminium wurden orientierte monomolekulare 
Schichten von radioaktiver als Klebemittel verwendet. Bindungsdauer, 
Bindungstemperatur und Abziehgeschwindigkeit den Parametern, deren 
auf die Endabziehfestigkeit durch Variierung bestimmt wurde. Verfahren zur 
Erreichung einer maximalen Abziehfestigkeit werden vorliegenden Bericht angegeben 
und diskutiert. Mit als Monoschichtenklebestoff wird eine Abziehfestig- 
keit von mehr als 100 Breite erreicht. Die hier erhaltenen Abziehkrafte liegen 
mehr als zwei Gréssbnordnungen als die Literaturwerte. Die einzige Bes- 
ist die des verklebten Thermoplasten. Die Theorie der 
Abziehkraft von Kaelble wird beschrieben und fiir die Versuchsergebnisse verwendet 


Bei niedriger Abziehfestigkeit (25 Breite) wird recht gute Ubereinstimmung er- 
halten. 


Received September 19, 1962 
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Electron Spin Resonance Studies the Reaction 
Gases with the Radicals Formed Irradiated 
Polytetrafluoroethylene 


HISASHI UEDA,* ZENICHIRO KURI, and SHOJI SHIDA, Tokyo 
Laboratories, Japanese Association for Radiation Research Polymers, 
Bunkyoku, Tokyo, Japan 


Synopsis 


The effect and the ESR irradiated PTFE were studied. 
Radicals were produced (1) irradiation PTFE atmosphere one these 
gases and (2) the postirradiation reaction PTFE with this same gas. These 
radicals were subsequently reacted with each the remaining four gases, and the re- 
sulting spectra were studied. The radical produced PTFE the irradiation 
vacuum quenched NO. this reaction, the relation between the number 
quenched radicals and the pressure was measured, showing that the relation can 
expressed Freundlich’s equation for adsorption equilibria. From these data, the 
bonds formed the reaction between the gases and the radicals, the classification the 
radical and the structure these radicals were discussed. 


INTRODUCTION 


Previous electron spin resonance (ESR) studies have been made the 
effects gases irradiated (polytetrafluoroethylene), but only 
few gases were 

undertook the present study with the hope learning more about 
the reactions the radicals produced PTFE with H.S NH; the 
method ESR. effects these two gases have not been reported yet. 
Rexroad and Gordy reported that the radical formed the reaction 
between oxygen and the radical produced after irradiation 
vacuum, viz. reduced the RO- radical gas. This the 
only reported case which successive gas reactions were studied. We, 
therefore, also hoped learn about other such successive gas reactions. 

The gases chosen reactants were those which showed some interesting 
effects with irradiated chloride.‘ 


EXPERIMENTAL 


Our measurements were made 20°C. frequency 9400 
sec. with automatic recording spectrometer which displays the first 
Present address: Department Chemistry, The University British Columbia, 
Vancouver, British Columbia, Canada. 
3537 
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derivatives the true absorption curve. The irradiation was done with 
kilocurie y-ray source 20°C. The gases used were (air), 
NO, and they were purified drying and repeated dis- 
tillation. 


RESULTS 
Radicals Produced with Oxygen 


There small but distinct difference between the two spectra obtained 
the irradiation oxygen and postirradiation reaction oxygen with 
PTFE, shown Figures and respectively. The reactivities 
these two radicals are the same. the reaction with NH;, some change 
observed, shown Figure 2a. When introduced into the 
sample, the ESR spectrum changes that shown Figure 2b. With 
NO, the signal quenched, but not affected 


2.0036 


2.0192 


20GauSS 


Fig. The ESR spectra irradiated PTFE reacted with (a) spectrum given 
irradiation with present; (b) spectrum given the postirradiation reaction. The 
arrows pointing downwards and the numbers above them show the factors correspond- 
ing those values the resonant magnetic field. The ordinate located show the 
resonant point for DPPH, i.e., 2.0036. There are least two radicals giving the 
spectra, 2.0192) and various values). 


Radicals Produced with Sulfur Dioxide 


difference between the radicals produced irradiation SO, and 
the postirradiation reaction with SO, observed, and Figure shows the 
spectrum thus obtained. These radicals react with and the resulting 
spectrum the same that 2b. With introduced, the 
spectrum changes that shown Figure NO, only the central 
component the spectrum shown Figure not quenched, and the 
resulting spectrum shown Figure 3c. With change observed. 
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Fig. ESR spectra (a) sample giving Fig. but after reaction with 
(b) the sample giving Fig. but after reaction with The spectrum also ob- 
tained the sample giving Fig. after reaction with This spectrum shows two 
radicals: 2.0192) and 2.004). 


Fig. ESR spectra (a) irradiated PTFE (the central anisotropic component 
due and the components appearing either side are due mainly 
(b) the sample giving Fig. after reaction with NH; (the central component may pro- 
duced the reaction R—SO- the peaks either side 
are due (c) sample Fig. after reaction with 


Radicals Produced with Ammonia 


difference between the spectra the radicals produced the ir- 
radiation NH; and the postirradiation reaction with NH; observed, 
shown Figure 4a. This radical reacts with and partial change the 
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Fig. Effect NH; ESR spectra: PTFE irradiated the pres- 
ence NH; present the postirradiation reaction with NH;; spectrum obtained 
the sample giving Fig. after reaction with 


spectrum observed, shown 4b. However, this change 
reversible. When the sample giving the spectrum shown Figure 
evacuated and heated 150°C. for min., reverts the form giving 
the spectrum shown Figure 4a. the reaction with NO, the radical 
destroyed, but subsequent evacuation and heating, described above, 
this sample gives spectrum coinciding with that Figure the re- 
action with spectrum coinciding with that Figure obtained. 
the reaction with spectrum coinciding with that Figure 
obtained. 


Radicals Produced with 


Rexroad and Gordy have already reported the effect the ESR 
irradiated Teflon. According them, radical giving the triplet 
spectrum shown Figure formed irradiation NO.' This 
radical very stable, and does not react with any the gases 
reacts only with The resulting spectrum shown 


Fig. ESR spectra (a) PTFE irradiated the presence NO; (b) the same sample 
after reaction with 


--- 
¢—30Gauss 
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Fig. plot the relation between the pressure NO,X and the amount the 
destroyed radical 


destroyed when The relation between the pressure 
and the number radicals destroyed after equilibrium reached 
shown Figure experimental relation may deduced from the 
graph Figure This relation is, 


where the quantity the destroyed radical, the initial amount 
except that the exponent smaller than 1.0. 


Radicals Produced with H.S 


The spectrum obtained the irradiation PTFE vacuum, shown 
Figure 7a, different only its central portion from that obtained 
the postirradiation reaction with shown Figure irradiation 
PTFE the spectrum shown Figure obtained. the 
reaction with the spectrum changes that shown Figure 8b. This 
changes further that Figure when the sample evacuated and 


¢—S0Gauss 


Fig. ESR spectra (a) PTFE irradiation vacuum (spectrum (0) 
the same sample after reaction with The partial effect seen the 


gst 
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Fig. ESR spectra PTFE irradiated with present: the sample giving 
Fig. after reaction with (c) the same sample after evacuation and heat treatment 
150°C. for min. (after prolonged heating vacuum this sample gave spectrum coin- 
(peaks either side). 


heated 160°C. for min., and finally becomes that Figure 3a. 
the reaction with SO, spectrum almost coinciding with that Figure 
obtained. the reaction with change observed. the 
reaction with NO, decay radical observed. 


Regeneration the Radical Quenched 


When heated vacuum 150°C. for min., sample, which had 
been irradiated vacuum and which the radical had been destroyed 
NO, the spectrum shown Figure was obtained. This different 
from that Figure but the same that obtained Levedev 
when they introduced PTFE sample irradiated vacuum 
150°C. 


€-S0Gaus s 


Fig. ESR spectrum sample irradiated vacuum, then quenched NO, and 
subsequently after evacuated and heated 150°C. for more than min. the second 
heating vacuum not carried out, the samples give signal. 


2.022 

q 
2.016 
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DISCUSSION 
Bonds Formed the Reaction 


Matsugashita’ reported that most the oxygen could removed from 
the oxygenated radicals evacuation and heating, and that for the most 
part, these radicals changed from back R-. concluded that 
this was reversible also reported that evacuation and 
heating irradiated samples treated with accomplished reversible 
regeneration the original radical R-. However, obtained different 
result the case NO. 

This reaction, completely reversible, might suggest that 
adsorption process. 

However, all the existing reactions are adsorption processes, there are 
many things difficult understand. true that the sample giving 
the spectrum Figure evacuated and heated 150°C., the spectrum 
reverts that Figure This very slow change. This slow 
change not compatible with the concept adsorbed oxygen. 
course, possible that there large activation energy for adsorption, 
but so, the change from Figure Figure must slow. 
The reaction oxygen with irradiated observed ESR is, 
the contrary, very rapid. The case also like this. Only 
portion the original radical something different from them can 
regenerated. 

Therefore, there are least two steps reactions involved. 
The first adsorption and the next some chemical reaction. The 
adsorption reversible, but the chemical reaction not. The regeneration 
the original radical after prolonged heating the oxygenated radical 
will decomposition process the oxygenated radical, something like 
the thermal decomposition alkyl hydroperoxides. The radicals formed 
these cases, therefore, the transformed radicals are stable higher 
temperatures. 


Classification Radicals According Their Reaction 
with SO, and 


The radicals formed reaction with react partially with and 
give the spectrum shown Figure means that there are two 
kinds radicals, each having different affinity for These may 
called and the previous section was concluded that there 
are two types reactions, adsorption and chemical re- 
action. The adsorption oxygen each radical equally rapid, but 
the rate the chemical reaction different: 
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Here (ad) means that the oxygen molecules are adsorbed. The 
readily reacts with which exchange reaction, 


very rapid 
The reaction 


seems very slow, while 


very rapid, the radicals formed the irradiation SO, are mixture 
and Then oxygen reacted with these radicals, 
the products will and The ESR spectrum 
Figure agrees well with these. The radical which oxygen 
more strongly bonded the radical than has less anisotropy 
the factor, which near 2.0192, while has large anisotropy 
the case the radicals giving the ESR spectrum Figure 8a, 
obtained irradiation H.S, seem consist R'- and R'S-. After 
oxidation and heat treatment they should give and 
Since after long heat treatment only R'- and were obtained, 
concluded that H.S has the same reactive tendency 
the case NO, the quenching reaction occurs the same rate for each 
radical except therefore, does not distinguish between 
and R?-. also the case for The (meaning 
the irradiation vacuum followed the reaction and then the NH; 
reaction), and the SO. NH; reaction both occur considerable extent. 
Therefore, cannot determined whether NH; more reactive with 
its related radicals with its related radicals. 


Structure Various Radicals 


The radical produced the irradiation PTFE can con- 
verted heat treatment into radical having the ESR spectrum shown 
Figure 3a. Therefore, concluded that the radical produced the ir- 
radiation the radical and that was transformed into 
the raction with 150°C. Alternatively, can said 
that for the radical produced the irradiation the linkage between 
the polymer and group not C—O bond, but C—S bond. 

The chemical structure the radical produced the reaction with 
NH; unknown yet. However, can said that NH; does react 
somewhat with the free radicals and transforms them into different ones. 
also seems that NH; reacts only with radicals produced irradiated 
halide polymers, although have observed only two cases, and 
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noted that and have peculiar radical transforming 
powers when they are reacted under irradiation. Postirradiation re- 
actions with them either quench the resonance have effect. The 
radicals given off the polymer under irradiation may react with the gas. 
The reaction between these intermediate radicals and the polymer radicals 
the polymer itself should also considered. 


The authors’ thanks Dr. Raymond Patten, who kindly read their manuscript. 
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Résumé 


produit des radicaux: (1) irradiant PTFE sous atmosphére d’un d’un ces 
gaz, (2) par post-irradiation PTFE avec ces mémes gaz. Ces radicaux ont ensuite 
réagi avec chacun ces quatre gaz résiduaires, étudié les spectres qui résul- 
tent. radical produit sur PTFE par irradiation sous vide est capté par 
cette réaction, mesuré relation entre nombre radicaux captés pression 
NO; montré que relation peut s’exprimer par |’équation Freundlich pour 
les équilibres d’adsorption. discuté, partir ces données, des liens formés par 
réaction entre les gaz les radicaux, classification radical structure 
ces radicaux. 


Zusammenfassung 


Der Einfluss von und auf die ESR von bestrahltem PTFE 
wurde untersucht. Radikale wurden (1) durch Bestrahlung von PTFE einer Atmos- 
eines dieser Gase und (2) durch die Nachreaktion nach der Bestrahlung von PTFE 
mit dem gleichen Gas erzeugt. Diese Radikale wurden dann mit jedem der restlichen 
vier Gase zur Reaktion gebracht und die auftretenden Spektren untersucht. Das 
PTFE durch Bestrahlung Vakuum erzeugte Radikal wird durch Bei 
dieser Reaktion wurde die der Zahl der gebundenen Radikale vom NO- 
Druck gemessen; zeigte sich dass die durch die Freundlichsche Ad- 
sorptionsisotherme ausgedriickt werden kann. Auf Grund der Ergebnisse wurde die 
Art der durch die Reaktion zwischen den Gasen und den Radikalen gebildeten Bindun- 
gen, die Klassifizierung des Radikals und die Struktur dieser Radikale diskutiert. 
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Crystallization Starch: The Role Ions the 
Lyotropic Series* 
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Synopsis 


The crystallization (retrogradation) starch from solution has been investigated 
function electrolyte composition and concentration. The anion effects follow lyo- 
tropic series which causes retrogradation the approximate descending order: 
lyotropic series Cat+; Nat, Lit. Increasing concentrations 
most salts (except for NaF and result decreased precipitation starch. The 
descending order ions the lyotropic series best explained terms the decreasing 
polarity and decreasing relative intensity electric charge, due either increasing ion 
symmetry increasing area charge distribution result resonance among 
several configurations. suggested that the polar, higher charge intensity ions 
the upper end the series brings about charging the starch molecule, which leads 
solubilization because (1) the repulsion the similarly charged molecules and (2) the 
aggregation water mantle about each molecule. 


Introduction 


The spontaneous crystallization starch from solu- 
tion has been related hydrogen ion 
length the starch and various other factors. However, de- 
spite the intriguing relationships electrolytes the hydration biologi- 
cal polymers, few studies have reported the salts the crystalliza- 
tion starch. found that crystallization, measured precipi- 
tation amylose from sols, was retarded increasing concentrations 
different salts. These salts were decreasingly effective the order: 
trations retarded precipitation more than higher ones. Increasing concen- 
trations the other hand, appeared accelerate precipi- 
tation. Using different set salts, Loewus and studied changes 
iodine-binding capacity amylose solutions low salt concentrations 
(0.1M orless). Aside from noting that, general, monovalent ions tended 
retard crystallization the size the anion increased and the size 
the cation increased, they found little consistency salt effects. More- 
over, the number salts used was limited, was also the range concen- 

This investigation was supported grant EF-155 from the U.S. Public Health 
Service. 
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trations. the crystalline nature precipitates 
amylodextrin salt solutions showed that while sulfates always brought 
about crystallization the type, the alkali halides, according their 
concentration and their position the lyotropic series, tended produce 

Because the physicochemical réle electrolytes polymer crystalliza- 
tion and solubilization still the realm speculation, seemed desirable 
characterize more carefully the relative effect salts these events 
starch sols. The presumption was implicit that evaluation the results 
with greater range salts and salt concentrations might provide clues 
the the ions. The present study deals with the effects starch 
crystallization salts, used range concentrations from 0.01 
1.0m. 


Experimental 


acid-modified cornstarch, which has large proportion short-chain 
that can readily dispersed lower than autoclave tempera- 
tures, was employed. This material will crystallize more readily than 
native cornstarch. The salts used included the halides sodium and 
potassium; the chlorides ammonium, calcium, iron, zinc, barium, mag- 
nesium, lithium, cobalt, copper, strontium, aluminum, manganese, and 
antimony; the acetates sodium, potassium, ammonium, barium, cop- 
per, and magnesium; the sulfates sodium, potassium, ammonium, iron, 
and lithium; the nitrates sodium, potassium, ammonium, iron, and 
strontium; and the thiocyanates, carbonates, and phosphates sodium 
and potassium. 

For most the salts used, the range varied from 6.5 
might seem reasonable bring all the solutions the same (neutral) 


TABLE 
Soluble Starch Sols Stored 3°C. (in Weight Equivalent Glucose, Based Total 
Possible 2000 mg.) 


Soluble starch, mg. 


Salt 
weeks week weeks weeks 
KCNS 6.8 730 670 670 660 
7.0 730 660 660 640 
KNO; 7.0 680 680 570 
KBr 6.8 690 660 650 480 
KCl 6.8 650 570 550 410 
6.7 710 610 480 370 
7.5 680 540 440 320 
2.4 710 660 
11.5 750 680 680 670 
None 7.0 665 580 395 390 


Sample lost. 
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level, several series experiments indicated that this was not practicable: 
with salt solutions very low pH, upward adjustment the value led 
the prompt precipitation the metal hydroxide; with salt solutions 
very high pH, adjustment gave the acid anion. all cases, the salt solu- 
tions had different amounts the added buffer salts. Consequently, was 
decided use unbuffered salt solutions the final experiments, with nota- 
tions large departures from neutrality (cf. Table Those salts with 
very large deviations are considered separately the discussion. 

the first two experiments, solutions were made air-dry starch 
100 ml. distilled water, and the appropriate amount salt necessary for 
final concentration 0.1m was either before after heating. 
Until the start boiling, the solution was stirred continually over elec- 
tric hot plate. Boiling continued for min., with the agitation the 
process being sufficient keep the solution well mixed. (Amylose com- 
pletely dispersed this treatment: the undispersed material amylopec- 
tin.) the finish boiling, the water the solution was made 100 
with added hot water (or added salt and water when the salt was 
added after the heating). 

the third experiment, salt solutions were prepared before heating 
concentrations 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 0.7, and 1.0m. The manner 
preparation the sols described above. However, those salts which 
are strongly hydrolytic which are insoluble higher concentrations 
(chlorides copper, cobalt, and manganese and the iron salts) were not 
used. four salts (NaCl, and the electrolyte 
was also added after heating. Not all the salts were available sufficient 
quantity for this experiment. 

Following preparation the sols, ml. were removed for analysis. 
Toluene ml.) was added the remaining ml. hot solution, which 
were then stored 3°C. Samples were taken again and weeks 
the first two experiments and weeks the third experiment. (At 
each intermediate sampling, the toluene was removed; and then ml. 
fresh toluene were added afterwards, before the samples were replaced 
refrigerated storage.) 

Relative solubility starch, the first two experiments and the 
solutions the above-mentioned four salts the third experiment, was 
determined adding ml. phosphate buffer (pH ml. sol and 
centrifuging ml. the mixture for min. 3°C. and 
2-ml. portion the supernatant was combined with 0.2 ml. 37% HCl 
and held boiling water bath After cooling, the volume was made 
ml.; this ml. was added ml. ferricyanide solution, 
made according the method Schales and After min. 
boiling and min. cooling, the mixture was diluted ml. Optical den- 
sity was read 420 and converted glucose equivalent the basis 
standard calibration curve for glucose. The average error for this 
method 4.2%. 

Indirect measurements solubility were made the methods (/) 


% 


iodine sorption, which ml. the centrifuged supernatant described 
above was diluted with ml. iodine solution (0.01% and 0.02% 
water) and the optical density read 590 index the amount 
soluble amylose (estimated for thiocyanates, which the color disappears 
rapidly), with average error 1.9%; (2) experiment centrifuging 
the sol min. 11,300g and measuring roughly the volume the pre- 
cipitate the nearest 0.5 ml. (10% error); and (3) recording photo- 
graphically the heights the precipitates experiment 

The starch sols were tested enzymatic hydrolysis: the remainder 
the buffered sol served substrate. ml. the sol, ml. enzyme 
solution (25 mg. bacterial a-amylase and 12.5 mg. ml. 
water) was added and mixed gently. 2-ml. portion the mixture 
was placed immediately ml. ferricyanide which was then 
boiled, cooled, and completed ml., described above. The glucose 
equivalent was determined the manner previously given. The remaining 
ml. the mixture were held 30°C. for hr., after which 
ml. was placed ml. ferricyanide solution and treated the same 
way the control. The difference reducing power between the di- 
gested sol and the control gave the amount amorphous starch susceptible 
enzymatic attack. Because this appeared relatively insensitive 
measure crystallization, was not used the comparison. 

important note that the measurement reducing power the 
control provided significant index for possible starch hydrolysis during 
pasting and possible microbial activity during storage. Whenever the 
latter was found, the results were discarded. However, because the pre- 
cautions taken, microbial contamination was rare. 


Results 


typical series results for solutions 0.1m salt concentration 
represented the different potassium salts. Table shows the changes 
soluble starch content (in terms glucose equivalent, based acid 
hydrolysis the supernatant solutions) for sols which the salt was added 
before heating. apparent that the amount soluble starch decreases 
with time all cases, but different rates. Note that the classical 
lyotropic series followed, general, with respect the different anions. 
Thus, the order decreasing solubility starch, the series 
relative terms, the results are essentially similar. 

With most salts, there are only slight differences starch solubility 
result the difference the time which the salt added. However, 
two cases, there are pronounced differences between adding the salt be- 
fore heating and adding afterwards: (1) when the salt solution has low 
value (ferric salts, AlCl;) the glucose equivalent the sol greater 
the salt added before heating, presumably result greater hy- 
drolysis during heating; and (2) when the salt acetate sulfate, 
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the glucose equivalent the sol tends greater the salt added after 
heating. 

compare the effects the salts (0.1m) crystallization, seemed 
reasonable use solubility index, expressed the percentage relationship 
the amount soluble starch the supernatant after weeks the 
amount present initially, determined hydrolysis with concentrated 
HCl. For salts added before heating, this index shown II. The 
values may compared with the value for starch sols with added salt 
(53). the basis this comparison, observed that acetates and 
sulfates generally cause acceleration the crystallization process, 
whereas the bromides, iodides, nitrates, thiocyanates, carbonates, and 
phosphates appear retard that process. Note also that the usual lyo- 
tropic anion series found among the sodium salts. the halides and 
most other salts, the customary cation relationships obtain: sodium causes 
less crystallization than lithium, and potassium less than sodium. Simi- 
larly, the series, and follows this relationship. 

When the concentration varied, the solubility indices also change, 
shown for NaCl, and Table III. Increasing 
concentrations the first three salts bring about decreasing crystallization. 
However, increasing concentrations MgSO, cause greater crystallization. 
These relationships are readily perceived Figure Under the 
force gravity alone, precipitate visible with NaCl solutions con- 
centrations 0.7m and higher, with solutions 0.5m and higher, 
with solutions 0.1m and higher. 


TABLE 

Solubility Indices for Starch Sols with Salt added before Heating (0.1m 
Anion 

Lit 
Cut 
Srtt 
Batt 
Cutt 
Fet+ 


Solubility index for starch water only: 53. 
Doubtful data; insufficient salt available repeat the experiment. 
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Fig. The effect salt concentration starch precipitation over period days 
Except where noted, the concentrations salt, from left right, are 0.01, 0.02, 
0.05, 0.1, 0.2, 0.5, 0.7, and 1.0m, respectively. (1) Solutions starch with NaCl. Note 
that the volume precipitate decreases the concentration increases. concentra- 
tions 0.7m and higher, the starch does not precipitate. (2) Solutions starch with 
concentrations 0.5m and higher, precipitate appears. (3) Solutions 
starch with concentrations 0.1m and higher, precipitate visible 
the bottom the tubes. (4) Solutions starch with MgSO,. continuous increase 
the volume precipitated starch follows the increase salt concentration. (5) 
Solutions starch with NaF. the relatively minor effect increasing concentra- 
tions salt. (6) Solutions starch with LiCl. (7) Solutions starch with 
concentrations 0.01, 0.05, 0.1, 0.5, 0.7, and 1.0m (8) Solutions starch with 
Note the contrast, higher concentrations, with 
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TABLE III 
Solubility Indices when Salts are added before Heating, with Concentrations varied 


Solutions this concentration were not prepared. 


Other salts, whose increasing concentration brings about decreasing 
crystallization are: all the potassium salts; the chlorides ammonium, 
barium, calcium, magnesium, zinc, and aluminum; most the sodium 
salts, save the fluoride, sulfate, and acetate; barium acetate; and am- 
monium nitrate. 

salts are strongly precipitant The remaining salts 
tested seem indifferent, that changing concentrations not 
notably affect the volume starch precipitate. These salts include LiCl 
(Fig. 5), NaF (Fig. 6), (Fig. 7), and 
(Fig. cause solubilization starch. Table shows the amounts 
precipitate for the different sodium salts. 


TABLE 
Volume Starch Precipitate for the Sodium Salts function Concentration 


Volume starch precipitate, ml. 


Salt 0.01 0.02 0.05 0.1 0.2 0.5 0.7 1.0 
NaF 3.5 3.0 2.5 4.0 3.0 3.0 3.0 4.0 
NaCl 2.5 2.5 1.5 1.0 1.0 0.5 0.5 0.5 
NaBr 2.0 2.0 2.0 1.5 0.5 0.5 0.5 0.5 
NaNO; 2.5 2.0 1.0 1.5 0.5 0.5 0.5 0.0 
2.5 2.5 2.5 2.0 1.0 1.0 0.5 0.0 
2.5 2.0 1.5 1.0 0.5 0.5 0.5 1.0 
4.0 3.0 3.0 1.0 1.0 0.5 0.0 0.0 
3.0 3.0 2.5 2.0 2.0 2.0 2.0 2.0 
2.5 2.5 2.5 2.5 2.0 2.0 2.0 2.0 


Table provides overview the general crystallizing effect in- 
creasing concentrations electrolytes. The numerical values represent 
the relative amount starch which soluble salt concentration 
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1.0m, expressed percentage the amount precipitated salt con- 
centration Despite the roughness the volumetric data, the 
results obviously agree qualitatively with the solubility indices reported 
Table III. evident that even for acetates, some sulfates, and lithium 
chloride, crystallization inhibited some extent higher salt concentra- 
tions. Only with NaF and does the 1.0m concentration cause 
increasing crystallization; and, because the limitations the method 
measurement, quite possible that the small presumptive increase with 
not real. 


TABLE 
Starch Solution 1.0M Salts, Percentage Precipitated Starch 
Concentration (see text) 


Anion, 
Lit 
Catt 100 
Batt 


Negative numbers indicate increased amount precipitate over that 0.01m. 


Discussion 


The results the present investigation pose two questions paramount 
interest: what chemical differences among these salts will explain the 
different crystallizing effects; and (2) how increasing concentrations 
most salts inhibit crystallization? 

The progressive effects the classical lyotropic anion series I-, 
have been described for the swelling and gelatinization native 
For the alkali halides and monatomic ions generally, 
these series are obviously related the ionic radius. According 
ion hydration inverse function ion size. suggested 
that, because its smaller size, smaller ion has more concentrated 
charge its surface and therefore more highly hydrated than larger 
one the same charge. Subsequently, Katz and postulated 
that anions are adsorbed the surface the starch micelle inversely 
according the size their water shell. (Earlier, Hoeve, Bungenberg 
Jong, and had demonstrated that salt adsorption starch 
followed the lyotropic series.) They further related ion adsorption the 
preferential migration anions the interface. (In this 


| 
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instance, known that anions follow the lyotropic series their ability 
lower interfacial 

has also been found” that anions tend break down the 4-coordinated 
structure liquid water direct function their radius and charge. 
Other work has supported the concept that ions higher the lyotropic 
series tend more than those lower the 
explanation has been provided for the relationship between specific 
physical chemical properties the anions and the degree breakdown 
water structure. 

Other questions are unanswered: How the structure water broken? 
ionic radius and ionic charge alone are involved and the ionic radius 
smaller than the ionic radius the markedly solubilizing 
effect the former starch inexplicable the precipitating effect 
the latter. Moveover, none these explanations accounts for the 
the acetate ion the ions other organic acids, ions such the thio- 
cyanates, cations. 

Nevertheless, there important physical chemical difference among 
these ions, which can related their positions the lyotropic series. 
Larger monatomic ions (both anions and cations) have electron cloud 
greater diameter, and with larger number electrons, than smaller 
ones. addition, the larger cloud more easily distorted polarized 
Polarization the electron cloud leads the creation 
dipole moment the ion, which the centers gravity the electric 
charges tend separated and the charges thereby concentrated 
relatively small poles. The greater the polarization, the more concen- 
trated are the charges. For polyatomic ions, presumably the more polar the 
construction the ion, the more localized and concentrated are the charges. 

this light, seems possible view the descent the lyotropic series 
related not decreasing ion radius but decreasing local charge 
intensity, generally result increasing symmetry charge distribu- 
tion the ionic surface. the upper end the series, the polar confine- 
ment progressively larger electric charges smaller surface areas makes 
those charges relatively more intense. Polarization will enhanced 
the presence large electric field due highly polarized, large ion 
opposite charge. intense field alone the close proximity within 
ion two opposite charges high intensity could reasonable sources 
the destruction the 4-coordinated structure 

The marked difference between the effects sulfates and nitrates can 
then related the polarity the anion structure. The sulfate ion 
with sulfur the center and the four oxygens the 
apices. Its charge stabilized resonance among 
Because the radial symmetry, the charge per unit surface quite low. 
The nitrate ion, the other hand, planar, and axis 2-fold symmetry 
lies the plane. The distance for the unique oxygen slightly 
different from the distance for the two symmetrical oxygens, and 
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The charge thus tends confined one end the ion, whose resonance 
limited, and the solvating effect pronounced. may pointed out 
that the structure thiocyanate shows more marked asymmetry. 
Consequently, that ion would expected have more intense charge 
concentration: 


Indeed, should anticipated, the cyanide ion, which also has polar 
structure: 

has been found retard starch crystallization. 

Virtual lack anion polarization then can account for the ineffective- 
ness LiCl and NaF retarding starch retrogradation. The small 
fluoride ion spherically symmetrical and essentially unpolarized, even 
the presence its charge tends evenly distributed over its 
surface. Although the larger chloride ion more readily polarized than the 
fluoride ion, the small lithium ion tends unpolarized and does not 
provide strong enough electric field for polarization the chloride ion. 
Both these alkali halides are poor solubilizing agents and not retard 
retrogradation. 

The form the acetate ion appears polar: 


However, there resonance among two configurations. The total charge 
spread over the two oxygens, hence over surface larger than the case 
with nitrate but not large that the sulfate. Because this 
charge distribution, the antiretrogradative effect the acetate ion 
intermediate between that the nitrate and that the sulfate. Except 
for the relative solubility the hydrocarbon residue, any organic acid 
ion should then expected act similarly the acetate ion. Indeed, 
Hofmeister® ranked tartrate and citrate ions close the acetate ion 
the lyotropic series. 

the present experiments, phosphates and carbonates generally retard 
the precipitation starch. Since the anions form weak acids, their solu- 
tions with alkali cations are alkaline. The solubilizing role these 
salts then definitely due the creation high pH, which the quite 
polar base ion the active agent. (It well known that low 
concentrations bases will solubilize starch, even the 
ever, both these ions are symmetrical. Like the sulfate anion, the phos- 
phate anion tetrahedral, with the phosphorus centrally 
Four resonating configurations are possible. The carbonate ion planar, 
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but three-fold axis—perpendicular the plane—passes through the 
centrally located resonance occurs among three configurations. 
not surprising, then, that neutral solutions, carbonate and phos- 
phate rank with sulfate the lower end the lyotropic 

has been represented here that the descending order the 
series ions essentially related decreasing polarity (and intensity) 
charge the surface the ion. propose that the most reasonable 
explanation the solubilizing effect starch that similar the 
effect the ions water: the electric field the negative pole the ion 
causes separation the hydrogen from the oxygen, thus giving each 
increased charge and giving the water molecule enhanced dipolar 
character. The water dipoles and the ion poles tend attracted 
each other. The starch molecule may viewed consisting substantially 
tive charge will then attract the protons the surface the molecule, 
causing them separate somewhat, leaving the molecule core negatively 
charged. (This charging salt solutions has been demonstrated experi- 
mentally for other nonelectrolytes Thus, solutions 
salts with ions high the series, the starch molecule will have 
higher negative charge than normally, due this proton separation. 
Statistically, the anions the electrolyte will tend attached (ad- 
sorbed) the surface the starch molecule?! and help increase the nega- 
tive charge. Higher solubility results from both the repulsion between 
similarly charged starch molecules and the aggregation water dipoles 
about these charged molecules. 

The réle electrolyte concentration solubilizing starch explicable 
the above terms. The higher the ionic concentration, the greater the 
proportional amount charging the starch molecule more less 
polarized ions. The less polar the ion charge, the less the solubilizing 
effect and the less the ion hydration. When the anion completely sym- 
metrical and relatively small superficial charge density 
charging much diminished, and the ion surrounded only narrow 
shell immobilized water the larger amount electrolyte 
precipitates starch lowering the water activity, i.e., dehydration 
Presumably this effect the salt enhanced the salt added 
before heating, thus restricting the extent gelatinization. (It has been 
shown that retrogradation will ensue more rapidly starch which has been 
gelatinized smaller degree the use lower heating 
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Résumé 


cristallisation (rétrogradation) solution été étudiée fonction 
composition concentration électrolyse. Les effets anioniques suivent 
une série lyotrope qui occasionne une rétrogradation approximativement suivant 
ont également tendance suivre une série lyotrope Lits 
Une augmentation des concentrations plupart des sels (excepté pour NaF 
donne lieu une diminution précipitation L’ordre décroissant 
des ions dans série lyotrope peut s’expliquer mieux considérant dé- 
croissante diminution relative charge électrique, qui sont dues soit 
tion charge résultant résonance entre diverses configurations. suggéré que 
polarité, l’intensité charge supérieure dans les ions supérieure 
série apporte une charge autour molécule d’amidon qui occasionne solubilisation 
fait (1) entre les molécules charge identique (2) formation 
d’un écran molécules d’eau autour chaque molécule d’eau. 
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Zusammenfassung 


Die Kristallisation (Retrogradierung) von aus wurde als Funktion der 
Elektrolytzusammensetzung und Konzentration untersucht. Die Anioneneffekte 
befolgen eine lyotrope Reihe, welche Retrogradierung etwa der absteigenden Reihe: 

bilden ebenfalls die lyotrope Reihe Zunehmende Salz- 
konzentration fiihrt meist (mit Ausnahme von NaF und einer Herabsetzung 
der Die Reihenfolge der Ionen der lyotropen Reihe wird 
durch ihre abnehmende und die durch die zunehmende Ionensymmetrie oder 
den aus der Resonanz zwischen mehreren Konfigurationen folgenden grésseren Bereich 
fiir die Ladungsverteilung bewirkte Abnahme der relativen elektrischen 
wird angenommen, dass die héhere der 
oberen Ende der Reihe eine Aufladung des Stiirkemolekiils bewirkt, welche (1) wegen der 
Abstossung gleichgeladener Molekiile und (2) wegen der Ausbildung einer Wasserhiille 
jedes Molekiil zur Solubilisierung 
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Polyamides Containing Phosphorus. 
Structural Effects Softening and Glass 


Transition Temperatures 


JOSEPH PELLON, Chemical Research Department, Central Research 
Division, American Cyanamid Company, Stamford, Connecticut 


Synopsis 


Glass transition temperatures function structure for phosphorus-containing 
polyamides and polyamides containing other heteroatoms are analyzed terms the 
effect polarity, steric behavior, and bond flexibility differences. The side-chain 
aryl group carried phosphorus was expected increase chain mobility (lower 
glass transition temperatures) separating chains and reducing intermolecular inter- 
action. This general effect offset decreased mobility due the greater polarity 
the phosphorus groups, and the intramolecular steric hindrance rotation caused 
alkyl aryl group phosphorus. Glass transition temperatures indicate the fol- 
The phosphorus-to-carbon bond showed enhanced flexibility over 
carbon-to-carbon bond. 


INTRODUCTION 


The preceding paper! this series describes the preparation poly- 
amides containing phosphine [C—-P(R)—C] and phosphine oxide [C— 


P(R)—C] units their backbone structure. The phosphorus-containing 
polymers generally were low-softening amorphous solids. brief com- 
parison with regular nylon analogs disclosed major differences 
terms thermal stability mechanical behavior. was interest 
more clearly define structural effects molecular level examination 
glass transition temperatures. 


RESULTS AND DISCUSSION 


Softening temperatures and glass transition temperatures for the series 
phosphorus-containing polyamides and related materials are summarized 
Table The preparation these polymers was described the 
previous Glass transition temperatures were obtained the 
differential thermal technique previously described Keavney and 
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No. 


te 


TABLE 


Polyamide Softening Temperatures 


Glass 
Softening transition 
temp., temp. 
Polyadipamides 
70-75 
CH; 

H,N(CH.);—P—(CH,),NH, 72 49 

100 
70-80 
100-110 


Hexamethylenediamine Polyamides 


CH; 


50-60 

HOOC(CH,);— 65-70 


Data 


14-27 


Melting 
points, 


135 


245 
268 


215-216 
230 


a 
| 
4 
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The polyamides listed Table can first differentiated according 
whether they possess crystallinity. The polymers having (except 


when octyl), and N—CH; groups are 


amorphous. Nylon 66, nylon 76, the methyl-substituted nylons, and 
the polyamide having group are crystalline. major effect 
introducing phosphorus amine groups the elimination crystallinity 
associated with regular polyamide such nylon 66. The packing 
disorder introduced the phosphine group (—RP—) and the amine 
group could result both from the presence the substituent 
which must reside outside the plane the groups and also 
from the fact that the pyrimidally directed valences may introduce 
additional three-dimensional aspect the chain. The phosphine oxide 
group, with tetrahedrally directed valences, also presents situation 
which attached groups must reside outside the plane the methylene 
groups. Similar explanation was advanced for the amorphous character 
the polyadipamide derived from 
the latter case the authors consider this result from the extension 
the side-chain groups plane perpendicular the plane the 
backbone, i.e., 


The polyadipamide containing the group was found 


crystalline from its appearance and x-ray pattern. However the crystalline 
melting point was much lower than that exhibited regular nylons, and 
believed that the crystallinity related only the octyl side chain. 
Side-chain crystallinity has previously been advanced explain the 
reversal the trend toward lower softening points for increasing chain 
lengths straight-chain acrylates the ester.’ 

addition its effect crystallinity, bulk character and polymer melt 
temperature, replacement one group for another given polymer 
system can also affect the mobility segments individual polymer 
chain reason differences behavior, polarity, and bond flexibil- 
ity. Glass transition temperatures which can considered 
internal polymer softening points, are measures segmental 

Before discussing the data worthwhile consider what effects one 
could expect replacing methylene group phosphorus group. 

expected that the alkyl and phenyl groups phosphorus could 
exert two types steric effects chain mobility. First keeping 
polymer chains apart they could reduce intermolecular interactions and 
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enhance chain mobility. This would result lower glass transition 
temperatures. This steric effect intermolecular. Secondly, however, 
elements the aryl groups, such hydrogen atoms, could inter- 
fere with adjacent backbone hydrogen atoms the same chain hinder 
chain rotations and give subsequent increase glass transition tempera- 
ture. This intramolecular steric hindrance rotation. Increased 
polarity the heteroatom and decreased flexibility the carbon hetero- 
atom bond over carbon carbon bond would also tend reduce rota- 
tional freedom and give higher glass transition temperatures. 

The glass transition temperatures for the series polymers listed 
Table were found increase the order listed Table 


TABLE 
Order 
Series (Polyadipamides) 


Series polyamides) 


Central group —S— —CH (minus one 


CH; 


14-27 


The results demonstrate the interplay these various factors. 
imagine replacement methylene group any other groups listed, 
find that the methyl phosphorus oxide, the octyl phosphorus, and the 
nitrogen give progressively lower glass transition temperatures 
series while the methyl carbon, the phenylphosphorus sulfide, the 
phenylphosphorus oxide show lower glass transitions series II. Reduc- 
tion intermolecular interactions the steric effects the side-chain 
alkyl and aryl groups provides explanation for this trend. The glass 
transition temperatures would presumably even lower some cases 
except for the opposing influence resulting from the greater polarity the 
heteroatoms over methylene group, and possible effects steric hindrance. 
For the central groups series which show glass transition temperatures 
above the methylene group the intermolecular steric effect overshadowed 
factors enhanced polarity and steric hindrance. particular, the 
isobutyl group appears present dramatic example hindrance, 


CH, 
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These results show evidence any difference the flexibility the 
carbon phosphorus bond over carbon carbon bond. The lower 


values for and would indicate that these groupings 


contribute increased chain flexibility, i.e., that the 
and bond have more rotational freedom than 
have 34°C., some 15°C. below that the corresponding nylon 76. 
This points similarly enhanced flexibility over 

Hill and have previously noted that the presence —S— 
linkage polyamides does not greatly affect melting points. Korshak 
and co-workers'! have stated that the introduction sulfide sulfur greatly 
increases the flexibility the polymer chain increasing the possibilities 
free rotation. not certain which other polyamide they actually 
refer, since the reported melting points would tend confirm the opinion 
Hill and Walker. Actually the melting point the sulfur containing 
polyamide would seem higher than the corresponding hydrocarbon 
polymer. That is, the melting point reported the Russian workers for 
while Coffmann give the same melting point 185°C. for 
i.e., nylon 69. Presumably the carbon analog the 


TABLE III 
Softening Temperatures Hexamethylenediamine 
p-Carboxyphenyl-Type Polyamides 


Softening 
No. Diacid temp., °C. 


210-219 


Data 
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sulfur polymer (nylon 611) would have even lower melting point. The 
glass transition temperatures presented here however, being more sensitive 
chain flexibility, point greater swivel action around 
linkage than around linkage. 

Frunze, Korshak, and have attributed increased softening 
points series oxide polyamides 
prepared them result from increased group polarity. The concept 
steric hindrance has been used here explain, part, the higher glass 
transition temperature for example the polymer containing the 
group. instructive consider the possible influence similar 
steric hindrance the p-carboxyphenylphosphine oxide series. Softening 
point data are summarized Table III for this purpose. compounds 
listed are amorphous, that their softening temperatures can compared 
directly. 

The order increasing softening points for the hexamethylenediamine 
considered Korshak al. result polarity increases the same 
order. Itisshown Table III that increasing softening temperatures are 
Table III). This order can ascribed increased steric hindrance 
rotation. felt that similar considerations can account, part, for the 
order found the phosphine oxide series. 

Examination models the polymers the type tend 
confirm the concept that the rotational freedom around the central 
atom becomes increasingly more restricted going from 


The author wishes acknowledge significant contributions this work Miss 
Eberlin the determination glass transition data. Acknowledgment also given 
Dr. Thomas for helpful discussions. 
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Résumé 


étudié les température transition vitreuse polyamides contenant phos- 
phore polyamides contenant d’autres hétéro-atomes fonction leur structure 
point veu polarité, comportement stérique des différences dans 
flexibilité liaison. chaine latérale portée par phosphore contenant les 
groupements alcoyles aryles augment mobilité chaine (température transi- 
tion vitreuse plus basse) par séparation des chaines réduction inter- 
moléculaire. Cet effet géneral est réduit par une diminution mobilité due 
plus grande polarité des groupes phosphorés stérique intramoléculaire 
due rotation provoquée par groupement alcoyle aryle sur phosphore. Les 
températures transition vitreuse indiquent suivant quant flexibilité 
liaison présente pas flexibilité supérieure une liaison 
carbone. 


Zusammenfassung 


Die Glasumwandlungstemperatur von Polyamiden und Polyamiden 
mit anderen Heteroatomen wird bezug auf ihre anhand des 
Einflusses von Unterschieden der des sterischen Verhaltens und der Bindungs- 
steifigkeit untersucht. wurde eine Erhéhung der Kettenbeweglichkeit (niedrigere 
Glasumwandlungstemperatur) durch die Phosphor befindlichen Seitenketten-Alkyl- 
oder Arylgruppen wegen der Trennung der Ketten und der Herabsetzung der 
zwischenmolekularen Wechselwirkung erwartet. Diesem allgemeinen wirkt die 
Verminderung der Beweglichkeit durch die der Phosphorgruppen und 
die intramolekulare sterische Hinderung der Rotation durch die Alkyl- order Aryl- 
gruppen Phosphor entgegen. Aus der Glasumwandlungstemperatur ergibt sich 
folgende Reihenfolge fiir die Deformierbarkeit der Bindung: 
Die Phosphor—Kohlenstoffbindung zeigt 
keine héhere Deformierbarkeit als die Kohlenstoff—Kohlenstoffbindung. 
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Thermodynamic Interpretations the Elastic 
Properties Rubbers Obtained from 
Ethylene—Propylene Copolymers 


NATTA, CRESPI, and FLISI, Chimica Industriale del 
Politecnico Milano and Istituto Ricerche Divisione Petrolchimica, 
Societa Montecatini, Milan, Italy 


Synopsis 


coefficients have been measured for high-molecular-weight ethyl- 
copolymer, containing mole-% ethylene, chlorinated and vulcanized 
with cure system based sulphur and accelerators. From the relationships: 


range the extension ratio a=6.9. good agreement has been found between 
the experimental data and the theoretical curve obtained for non-Gaussian 
type network. 


Introduction 


research work the production linear, amorphous, high 
molecular weight copolymers ethylene with a-olefins and their use 
the field elastomers has been carried out this laboratory for several 
Beside studying the most suitable catalysts for obtaining copoly- 
mers with random distribution monomeric units, vulcanization was 
studied well the properties the 

The considerable interest aroused these new rubbers, which are 
already being produced commercial scale, not only due the low 
cost the monomers, compared with that the diolefinic used 
for the production the unsaturated rubbers, but also their peculiar 
properties. 

Unlike natural rubber and many other synthetic rubbers, these elas- 
tomers not contain unsaturation the macromolecules; con- 
sequence this their resistance oxidation and aging far higher than 
that unsaturated rubbers. These properties, well the good me- 
chanical and elastic properties, make these copolymers particular interest. 

The copolymers with fairly high ethylene content, even prevailingly 
amorphous, show stress-strain curves which are similar those natural 
3569 
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rubber; fact, increase the elastic moduli versus the degree 
stretching follows the rather low initial 

had previously attributed these properties both the presence 
polymethylenic chain segments, even rather short, and their paral- 
lelization under stretching that causes association these chain seg- 
ments with effect comparable crystallization. 

order interpret better the shape such diagrams and 
the other properties the rubbers based copolymers, 
have carried out researches two directions: tried produce 
copolymers with higher ethylene content, and such that the presence 
longer methylenic chains might foreseen, favor crystallization 
under stretching; (2) have prepared copolymers much possible 
amorphous and lacking regular chain segments, which will favor crystal- 
lization under stretching. 

The runs carried out according (/) for the amorphous copolymers 
showed that the increase ethylene content causes decrease the 
temperature the second order transition, but only slight increase, 
room temperature, resilience with respect the copolymers with 
ethylene content 50%. Copolymers containing more than mole-% 
ethylene show crystallinity the ethylenic type also the unstretched 
state with slight increase the equatorial lattice constants, but have 
poorer elastomeric properties. Those copolymers such ethylene con- 
tents that they yield clear crystallinity x-rays show increase the 
initial elastic modulus and the whole less valuable elastomeric properties 
the amorphous copolymers. 

research carried out according (2) tried prepare definitely 
amorphous copolymers; for this purpose, studied copolymers with 
content mole-% ethylene prepared with the aid homogeneous 
catalyst systems that favor the random distribution the monomeric 
units. The stress-strain curve these copolymers shows only slight 
decrease mechanical properties, with respect that copolymers 
with higher ethylene content. Such decrease may attributed 
the more irregular structure the chain. Consequently, and order 
study its effect devices have been adopted increase the disorder the 
structure the macromolecules. Therefore, amorphous copolymers have 
been chlorinated, taking into account that chlorination causes, also 
polymers such polyethylene, amorphization that 
higher, the higher the chlorine content introduced. 

The lack unsaturation the copolymers makes 
their with the ingredients normally used for unsaturated 
rubber fact, these rubbers are usually with the 
aid organic peroxides crosslinking agents.* However, other cross- 
linking systems have been investigated order study the properties 
these 

particular, wish refer here the crosslinking system based 
the dehydrochlorination reaction chlorinated which 
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allows the use the those ingredients normally used for 
unsaturated rubbers. fact, this paper describes the results obtained 
from investigations the mechanical properties amorphous 
propylene copolymers previously chlorinated chlorine content 
wt.-%. Chlorination was performed solution order that the 
introduction the chlorine atoms might much disordered pos- 
sible. Since the curves these chlorinated and 
copolymers show behavior very similar that the rubbers crystallizable 
under stretching, have started thermodynamic study such elas- 
tomers order understand better the nature the phenomenon and 
interpret it. 

chlorine content 15% corresponds chlorine atoms for 100 
carbon atoms. Also considering that the subsequent vulcanization 
part chlorine removed from the polymeric chains dehydrochlorina- 
tion, must assumed that more than chlorine atoms per 100 
carbon atoms are bound the polymeric chain. Such amount can 
influence the completion the amorphization the polymer, but prac- 
tically exerts little influence the mobility the chain itself. 

Obviously, chlorination causes increase the transition temperature, 
which could foreseen the basis the content: the nonchlorinated 
copolymer has transition temperature about —60°C., that 
chloride +77°C. The calculated value (—25°C.) corresponds that 
found experimentally. 

For rubbers crystallizing under stretching, some relationships exist 
between mechanical properties and crystallization latter 
can studied means measurements constant 

rubbers, crystallization under stretching accompanied strong 
negative variation internal energy; this variation, added that 
entropy, gives rise considerable increase the retractive force, thus 
contributing increase the tensile strength the elastomer. rubbers 
that not crystallize under stretching, the variation internal energy 
high stretching ratios can hardly determined because test pieces 
general break before reaching the equilibrium conditions; therefore, 
impossible determine the values stress versus temperature within 
wide range the stretching ratio. 

The thermodynamic properties versus the stretching ratio chlo- 
rinated and vulcanized copolymer are examined this 
paper. For this rubber, unlike those rubbers that not crystallize under 
stretching, possible perform the measurements 
high elongation values also. 


Experimental 


high molecular weight copolymer containing 
mole-% ethylene and prepared with the aid homogeneous catalysts 
based soluble vanadium compounds and aluminum alkyls, was used 
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for these This copolymer was subsequently chlorinated addi- 
tion chlorine solution the copolymer carbon tetrachloride under 
the conditions described previous paper,’ until the final product, 
chlorine content wt.-% was attained. 

The chlorinated copolymer was then mixed, 
laboratory roll mixer, with the vulcanization ingredients reported 
Table The amount oxide higher than that normally used for 
recipes this type; however, allows regular crosslinking obtained, 
the hydrochloric acid evolved being absorbed the chlorinated polymer 


TABLE 
Recipe Used for Vulcanization the Chlorinated Copolymer 
Component Parts 
Polymer 100 
Stearic acid 
oxide 
2-Mercaptobenzathiazole 
(MBT) 
Tetramethylthiuram disulfide 
(TMT) 
Sulfur 


The recipe was then parallel plate press 150°C. for 
min, and the vuleanized product thus obtained had the properties 
reported Table 


TABLE 


Properties the Vulcanizates 


Property 

Tensile strength, 148 

Elongation break, 840 

300% Modulus, 

700% Modulus, 

Degree swelling equilibrium §.71 

Degree crosslinking, moles/cc. 0.55 


The degree crosslinking was determined measuring the retractive 
equilibrium test pieces swollen benzene 30°C. For these 
runs test pieces the type described ASTM 412 type were used. 
The apparatus used was the same that adopted perform 
analogous measurements cured has been de- 

Temperature control was obtained circulating ethyl the 
tube containing the test piece; this allowed temperatures lower than 


‘ 
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100 200 


Fig. Relaxation curve 40°C. with 


Fig. Relaxation curve 40°C. with 1.82 (logarithmic scale time). 


0°C. attained. For these measurements the temperature was kept 
constant within +0.3°C. The technique used for these runs was the 
same that used for polybutadiene. The test piece was 
stretched the highest test temperature and left under these conditions 
until the stress did not appreciably decrease any longer with time (generally 


3-5 hr. was enough); after that the temperature was lowered intervals. 
Figures and show two relaxation curves obtained the highest test 
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temperature. the two figures the time scale linear and 
respectively. 

has been observed that, after prestretching, stress the lower tempera- 
tures remained constant also for times higher than the test time. was 
also observed that, increasing the elongation test pieces, the relaxa- 
tion temperature had decreased order avoid the breaking 
test pieces before the equilibrium was reached. 


Curves 


The stress-temperature curves obtained reported above are shown 
Figure can observed from that, contrary what was ob- 
served us’ for stress directly proportional 
temperature, least the range temperature considered here, for all 
elongations examined. Therefore, the stress-temperature curves are 
straight lines and not show curvature with variations slope the 
case cis-1,4-polybutadiene and natural rubber, when crystallization 
phenomena under stretching 

high stretching ratios, the slope the lines are 
very steep; this indicates strong variation entropy with respect 
the elongation. 


Fig. curves constant length. 
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extrapolating these lines absolute zero, negative values are ob- 
tained also for low elongation values; from this point view, the chlo- 
rinated copolymer behaves analogous way crosslinked poly- 
whereas SBR shows rather low positive values, which however 
change their sign with the increase the stretching ratio. 


Variation the Internal Energy and Entropy 


known, the relationships that permit the functions 
drawn from the measurements are 


where the stress exerted the test piece order maintain 
constant length, the internal energy, the entropy, the length, 
and the absolute temperature. 

using relation (3) possible obtain the term from 
the plots extrapolation absolute zero. 
and report the values and versus the stretching 
ratio the temperatures and 0°C., respectively. 


| 


| | 

4 


Fig. Variation entropy and internal energy vs. elongation (values 15°C.). 
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Fig. Variation entropy and internal energy vs. elongation (values 0°C.). 


order study the properties the network, the most 

has already been noticed how, from this term, possible ob- 
tain within the limits validity the kinetic theory elas- 
ticity, based Gaussian distribution, and also how possible 
evaluate, good approximation, the degree the 
rubbers crystallizing during 

For chlorinated copolymer, can observed 
and how this term always negative and assumes high ab- 
solute values high stretching ratios. 

the possible occurrence crystallization phenomena excluded, 
seen from the x-ray analysis samples stretched the strong 
variations internal energy that were observed must attributed the 
interaction arising between the chains when they are parallelized owing 
stretching; this interaction such that can compared change 
state, from the energetic point view; probably association the 
polar groups present contributes it. 

The linearity chains the absence bulky substituents favors the 
associations between the chains, parallelized stretching. These associa- 
tions can compared, with regard their effect, 
lower degree, which cannot detected x-ray analysis. 
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Theoretical Curves and Comparision between Them and the 
Experimental Data 


known that the theory elasticity based the Gaussian network 
valid only for narrow range the stretching ratio, and that the the- 
oretical curves are quite different from the experimental ones for values 
higher than where Rmax the length the chain fully 
extended and the mean-square length the unstretched chain. 

theoretical stress-strain relation that does not introduce the ap- 
proximations assumed for the Gaussian network was obtained independ- 
ently Kuhn and and James and Guth" treating the non- 
Gaussian network, and given eq. (5): 


this equation the total number chains, the Boltzmann 
constant, the absolute temperature, the number links the 
chains, the stretching ratio, and the inverse Langevin function. 
the contribution stress the internal pressure small, eq. (5) can 
simplified to: 


where 
indicating the NKT product, which constant given tem- 


perature, eq. (6) becomes the simple equation: 


Fig. Curve obtained from eq. (7) for 1.95 and 0.13 and stress values (©) 
obtained from Fig. 
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Fig. Curve obtained from eq. (7) 2.25 and 0.14 and values the stress (©) 
obtained the dynamometer. 


Figure relation (7), for the values 1.95 
and 0.13, compared with the experimental values stress equi- 
librium versus elongation, obtained from the diagram Figure 
temperature 15°C. 

The perfect agreement between the actual values stress measured 
equilibrium conditions and the theoretical curve demonstrates the 
validity eq. (7) for the whole elongation range. Figure compar- 
ison also made between relation (7) and the stress-elongation curve 
obtained 15°C. Amsler-type dynamometer, after several cycles 
when conditions near equilibrium are reached, revealed the super- 
position curves obtained subsequent cycles. this case, order 
obtain good agreement between the experimental values and the the- 
oretical curve, the value and were varied 2.25 and 0.14 
respectively. fact, under these conditions, equilibrium for low values 
the stretching ratio not reached. 


Conclusions 


The stress-temperature curves for chlorinated 
copolymer have been examined, and the variations the thermodynamic 
functions with respect the extension ratio have been deduced. 

has been observed that these rubbers give strong variation the 
internal energy, the same order that rubbers that crystallize during 
stretching. This notwithstanding that the relations 
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are linear and that the copolymer used has composition excluding the 

crystallization under stretching. 
the contrary was observed that the curves 
equilibrium can represented with excellent agreement, the theoretical 
relation between stress and elongation derived for the non-Gaussian net- 
work. This relation foresees strong upward curvature the stress— 
elongation curve for values the stretching ratio which are near the 
highest extensibility the chains. This phenomenon, observed here under 
equilibrium conditions, was difficult appreciated rubbers that 
not crystallize under stretching and masked the effect crystal- 
lization for rubbers with structure regularity. 
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Résumé 


mesuré les coefficients thermiques tension d’un copolymére 
poids moléculaire élevé, contenant mole-%, d’éthyléne, chloré vulcanisé 
moyen d’un systéme basé sur soufre des accélérateurs. Les thermo- 
dynamiques sont déterminés partant des relations 


dans domaine rapports d’extension jusqu’ 6.9. constate bon accord 
entre les courbes théoriques pour réseau d’un type 
non-Gaussien. 


Zusammenfassung 


wurden die Spannungs-Temperatur-Koeffizienten eines 
Copolymeren hohen Molekulargewichtes mit einem Athylengehalt von Mol% gemes- 
sen, das chloriert und mit einem aus Schwefel und Beschleuniger bestehenden Vulkanisa- 
tionssystem vulkanisiert wurde. Aus den Gleichungen 
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wurden die thermodynamischen Funktionen und einem Bereich 
des bis hinauf 6,9 berechnet. Die Ergebnisse stimmen 
mit den fiir ein Netzwerk vom Nicht-Gauss’schen Typ berechneten theoretischen Span- 
nungs-Dehnungs-Kurven gut iiberein. 
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ARAKAWA, DICYAN, and FLOOD, Department 
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Synopsis 


The thermal breakdown the crystalline lattice polyethylene grown quenching 
from solution (dendrites) and cooling slowly from solution (single crystals) and melt 
has been investigated function heating rate. The dendrites showed strong reor- 
ganizations temperatures only little above the crystallization temperatures. Heating 
rates fast 20°C./min. could not avoid this reorganization. Heating rates between 
and 20°C./min. were necessary have constant melting point for single crystals 
grown from solution. The measured melting points were proportional the thickness 
and perhaps the density the samples determined interference microscopy and 
the density gradient column method. Surface free energy values calculated from 
the lowering the melting points range from 81-96 Literature values 
specific heats and specific volumes bulk samples allowed discussion the premelting 
behavior semicrystalline polyethylene. found that the defects frozen-in below 
the glass transition temperature above 250°K. depending upon the overall 
crystallinity. This destroys the additivity the specific heat well the specific 
volume. Correlation with NMR and dynamic mechanical loss measurements are 
attempted. The difference between melting and dissolution temperature toluene 
(0.5-8.0 mg. polyethylene/g. toluene) for slowly cooled bulk well solution crystals 
was found 26°C., placing the maximum dissolution temperature polyethylene 
crystals toluene 111°C. 


INTRODUCTION 


Three characteristic morphological structures polyethylene are known. 
When melt crystallized some below the melting point, spheru- 
growth arises. The spherically ordered aggregates may have size 
tol mm. They are made twisting, ribbonlike crystals radiating 
spherically from the 

From solution, dendrites under similar crystallization conditions 
are necessary for the growth spherulites. Their morphology similarly 
spherical when floating solution.* flattening out the microscope 
slide the structures represented Figure are observed. Their size also 
reaches the order magnitude millimeters. 


For previous articles this series see Wunderlich 
3581 
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cooling very slowly single crystal platelets grow‘ from solution. 
These can also have lateral dimensions mm.; however, they are 
thin lamellae about 150 thickness. thickening mechanism the 
platelets based screw dislocation leading growth spirals. Similar 
growth spirals have been found slowly cooled melts.5 

molecular scale all these structures can built with the ortho- 
rhombic unit and series The unit cell dimensions are 
dependent upon and some degree also the 

The normal modes vibration the all-trans chains perfect crys- 
talline arrangement are also Comparison with specific heat 
has shown that the molecules large perfect crystals 
polyethylene show motion outside vibrations 400°K. All 
rotational motion concentrated the defects. 

describe the thermodynamic state the three characteristically 
different structures, the fraction material forming perfect unit cells 
and the amount and type surfaces and defects must The 
general expression for the total free energy the polymer given by’ 


(1) 


where the free energy the subsystems making the whole sample. 
The subsystem thought small enough homogeneous, but 
also large enough neglect inhomogeneities due the molecular structure. 
Each can represented’ 


where the weight polymer contained perfect unit cells and 
the corresponding chemical potential the temperature question. 
The two sums contain analogously defined terms for the internal defects, 
and the different surfaces, 

For the slowly crystallized samples, interference microscopy can give 
the thickness the crystal platelets. this way the surface area 
determined. The only term not known eq. (2) would the sum 
defect effects. crystal platelet visible under the microscope 
treated single subsystem. 

room temperature all the structures described above are metastable, 
that the course thermal breakdown heating will depend upon heat- 
ing rate.’ this paper the effect rate will analyzed experimentally, 
order gain information the structures present low temperatures 
the metastable state. 


EXPERIMENTAL 
Samples 


All experiments were performed with unfractionated linear polyethylene 
(Marlex type, kindly supplied the Phillips Petroleum Co., Bartles- 
ville, Oklahoma). The bulk samples were cooled from approximately 
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20°C. above their melting point down room temperature. The cooling 
rate used was 0.3°C./min. Dendritic polyethylene was obtained 
tallization 0.61 wt.-% solution toluene under the given conditions. 
Single polyethylene was obtained crystallizing from solutions 
specified concentration and solvent. The temperature was dropped 
from 2°C. above the crystallization temperature (previously determined 
approximately) 5°C. below this temperature. This procedure was found 
necessary obtain large usable crystals for observation under the inter- 
ference microscope. Isothermal crystallization usually gives only very 
much smaller crystals often covered with irregularly arranged overgrowth. 


DTA Melting 


The DTA apparatus was described detail previous publication 
this 0.5-g. portion material was employed. The heating 
rate was varied between 1.8 and 


Hot-Stage Melting 


Dendrites and single crystals can easily observed with the help 
interference Figure gives typical examples. The com- 
plete breakdown the structure easily recognizable the point where 
the dendrite single crystal growth spiral changes droplet. condi- 
tion for this observation that enough material concentrated the 
crystal under observation. Single lamellae will usually not form droplets, 
but stick the glass small, hardly resolvable separated specks and main- 
tain the overall shape the crystal. find the melting point single 
lamellae, growth spirals were used. Single growth spirals heights 
between 4,000 and 30,000 the samples were measured. The different 
heights showed influence the melting point. was, however, noted 
that less perfect growth spirals, recognized their secondary growth 
spirals, always melted earlier. The dendrites used for melting had the 
same thickness range. All samples were dried hr. vacuum 


150 


Melting 
Temp. 
(°C) 


Heating 


Fig. Melting temperature two standard melting point compounds function 
heating rate. 
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60°C. before melting assure complete removal trapped solvent. For 
the measurements Reichert Normarski incident light interference optics 
with objective and Leitz hot stage were used. 

calibrate the hot stage function heating rate two standard 
melting point compounds were measured. The thermometer was gradu- 
ated steps 0.5°C. Figure shows that least 20°C./min. 
was lag the thermometer system with the standard compounds. 
All measurements were made with coverglass and shielding. The cal- 
ibration with standard melting point compounds showed standard devia- 
tion single measurement +0.7°C. The given melting point range 
the standard compounds fell within one standard deviation. The ob- 
served changes structure are thus fixed within +0.7°C. 


Dissolution Samples 


The dissolution bulk, dendrites, and single crystals was undertaken 
regulated bath under the heating condition given below. For dendrite 
dissolution, samples were withdrawn constant time and temperature 
intervals and observed under the Baker interference 
this way two observations could made. The structure could 
checked for possible changes, and the residue left after evaporation the 
solvent could observed for secondary This secondary 
crystallization indicative dissolution (see Fig. 6). 

Bulk sample dissolution was measured immersing wire basket 
with approximately sample controlled bath toluene and 
measuring the total immersed weight (~0.8 g.) continuously. The tem- 
perature was raised when constant weight was obtained after the 
previous temperature increase. After complete dissolution, the concentra- 
tion the solution was 8.2 mg. polyethylene/g. toluene. The accuracy 
was sufficient detect changes —0.5% the amount polymer 
the wire basket. 

The single crystalline sample was observed visually heating detect 
the disappearance the turbidity caused the crystalline lamellae. 


RESULTS 
Bulk Samples 


For bulk samples large selection melting data available the 
literature, including detailed information throughout the 
The two facts interest for this discussion are the tempera- 
ture where first recrystallization can detected slow heat evolution 
and the first increased specific heat and specific volume beyond the ex- 
trapolated semicrystalline values. First was observed 
for and 92% crystalline polyethylene 390 and 400°K., 
The time scale these experiments was hours. 

Figure shows collected data from the literature specific heats 
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HIGH TEMPERATURE 
HEAT 


POLYETHYLENE 


(cal. g:') 


CRYSTALLINITY 


Fig. Specific heat polyethylene function various temperatures. 
The dotted line separates the linear region from the nonlinear one. 


the melting range plotted function crystallinity low temperature. 
The characteristics the data used are given Table 

the straight-line portion the graph all experimental values are within 
0.5% error. The curved portions represent all data within 
better 350°K. and within better 410°K. Deviations 
from linear crystallinity dependence are clearly evident even far below 
recognizable recrystallization. 

similar comparison was attempted use specific volume data. 
These data are inherently less accurate than specific heat data. Figure 
shows the deviation the measured specific volume from specific 
volume calculated assuming linear addition the volume contribution 
amorphous and crystalline content. The normalization was done 
300°K. because most data are available only down 300°K. The 
samples used are listed Table II. The most striking result that 
deviations start 300°K., indicating that there additivity even 
these low temperatures. The specific volume the crystalline polyethylene 
was calculated from Swan’s the expansion the unit cell. The 
amorphous specific volume was calculated from values 
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TABLE 
Polyethylene Data Used for Figure 


Low 
Sam- 300°K. Temperature 
ple density, crystallinity, range Ref- 
No. Sample measured, °K. erence 
Marlex 
Low pressure 0.965 828 415 
Marlex 
polyethylene 
High pressure 0.921 58> 300 
polyethylene 
polyethylene 


From heat fusion. 
From x-ray crystallinities. 


TABLE 
Polyethylenes Used for Figure 


300°K. density, 


Sample Reference 

Low pressure Marlex 0.968 
Low pressure Marlex 0.960 17,18 
Low pressure Marlex 0.951 
Low pressure Ziegler poly- 0.937 

ethylene 
High pressure polyethylene 0.907 
High pressure polyethylene 0.921 
High pressure polyethylene 0.918 
High pressure polyethylene 0.922 
High pressure polyethylene 0.928 
High pressure polyethylene 
Completely amorphous 0.850 

polyethylene 
Completely crystalline 0.999 

polyethylene 


Deviations the experimental points from the smooth curves Figure 
are less than 0.005 350°K. and 0.02 above 

maximum melting points’ linear high polymers with 
noncrystallizable copolymer content 0.005 mole fraction were deter- 
mined and For slow corre- 
sponding cooling rates the experimental maximum 
melting point was constant over wide range heating rates: 
135°C. was the value found for rates heating between 3.4 and 0.3°C./min. 
This leads calculated value 136-137°C. for pure polymethylene 
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cm Vg 
Div= 
NS 400° 


SPEC. VOLUME 300°K 


Fig. Deviation the specific volume polyethylene from the specific 
volume assuming additivity amorphous specific volume and crystalline specific volume 
function the measured specific volume 300°K. various temperatures. The 
dotted line separates the region strict additivity from the region deviations. Suc- 
cessive temperature curves are shifted 0.01 


crystallized the same This accord with measurements 

The results dissolution experiments toluene two bulk poly- 
ethylene samples, one carefully crystallized for the calorimetry data 
above and one quickly cooled are summarized Table 


TABLE III 
Dissolution Bulk Polyethylene Toluene 


Temperature solution, °C. 


300°K. density, dis- 50% dis- 99% dis- 
Sample solved solved solved 
Slowly 0.979 104 105 106.5 
Fast crystallized 100 101.5 105 


Solution-Grown Single Crystals 


The rate-dependent melting points solution-grown single crystal 
growth spirals shown Figures and The different samples show 
differences melting point well rate dependence. Table 
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TABLE 
Solution-Grown Linear Polyethylene (PE) Single Crystal Data 

300°K. density Lamella Limiting 

thickness, melting 

6.0 mg. PE/g. decane 101°C. 132 117.4 
0.5 mg. PE/g. xylene 90°C. 149 122.8 
0.4 mg. PE/g. chlorobenzene 144 122.4 

89°C. 

4.0 mg. PE/g. toluene 91°C. 144 121.2 
2.5 mg. PE/g. tetrachloroeth- 129 118.5 


ylene 81°C. 


collects the limiting average values high rates heating indicated 
horizontal lines Figures and together with data densities obtained 
the density gradient method. The thickness single lamellae was 
measured interference The somewhat large variation 
the thickness data attributed the nonisothermal crystallization. 

DTA single crystals from toluene solution was reported the first 
article this The result, melting range from 121°C. peak 
129°C. for heating rates correlates nicely with the data 
that heating rate shown Figure 

Dissolution the single crystals grown from toluene solution was done 
reheating the suspension single crystals obtained crystallization. 
rates varying between 0.1 and 1.6°C./min. the dissolution was observed 
visually occur independent rate. Reduction the 


89° 


122 
120 

127 
Toluene 


Heating Rate 


Fig. Melting temperatures different samples polyethylene function heating 
rate. For additional information see Table IV. 
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heating rate 0.01°C./min. leads after dissolution large fraction 
the starting material some recrystallized polyethylene which has 
final dissolution temperature 


Solution-Grown Dendrites 


Four samples increasingly dendritic character were grown quench- 
ing 0.61 wt.-% solution polyethylene toluene from Three 
were quenched 75, 70, and 65°C., respectively, immersion into 


Decane 


90° Xylene 


Heating Rate 


Fig. Melting temperatures different samples polyethylene function heating 
rate. For additional information see Tables and 


TABLE 
Dendrite Dissolution 


Temperature Temperature 
first clear which 
drite and dendritic 
some dissolved most material complete 
300°K. density, polyethylene, dissolved, dissolution, 


70° dendrites 

65° dendrites .968 81-85°C. 

dendrites 


128 
126 
Temp 
127 
93-95 
89-90 
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70°C. observed samples withdrawn the various temperatures from the dissolu- 
tion bath: (a) room temperature; (b) 76°C.; (c) 83.5°C.; (d) 85.4°C.; (e) 89.3°C.; 
(f) 92.8°C. Interference micrographs, A.O. Baker shearing type objective. The 
long side each photograph 0.14 mm. length. 


regulated waterbath the proper temperature. The fourth sample was 
quenched from 110°C. pouring the hot solution into liquid The 
time needed quench the solution the waterbath within 
the final temperature was min., whereas the appearance times the first 
visible dendrites were and 0.5, min., respectively. This means the 
lower temperature crystallizations started sometime before the equilib- 
rium temperature was reached. least the higher temperature 
crystallizations most dendrites were formed the constant temperature. 
The dendrites decreased size and increased feathery character 
lowering the crystallization temperature, was observed 
The dendrites grown decreasing temperatures should this way show 
increasing amounts defects. 

Melting experiments with single dendrites microscope slide were 
performed the case growth spirals. Figure shows values for the 


Fig. Stages dissolution dendrites polyethylene grown from toluene solution 
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70°C. dendrites, indicating only little variation with heating rate and con- 
siderably higher melting point than the single crystals. fact, the melt- 
ing point close the slow rate melting point toluene-grown single 
crystals, which may taken indication that the heating rates em- 
ployed were not fast enough for melting without extensive recrystallization. 

Dissolution experiments are better suited this case obtain indica- 
tion the rearrangements heating. The dendrites were heated con- 
tact with the mother liquor steps 2°C./10 min. and 2°C./60 min. Sam- 
ples for microscopic observation were taken after each temperature increase. 
The two heating rates showed significant differences. Figure shows 
the characteristic changes 70°C. dendrites observed the interference 
microscope. Increased partial dissolution parallels the reorganization, 
indicated the background material which deposited the slide 
evaporation the solvent. Table summarizes the results all den- 
drites. 


DISCUSSION 


Bulk Melting 


Figure shows that deviations from the linearly extrapolated specific 
heats occur low 260°K. for low crystallinities. lower limit the 
deviations function crystallinity marked the dotted curve, 
which approaches the glass transition specific heats low crystallinities 
and the 100% crystallinity vertical line high crystallinities. The devia- 
tions become larger and less reproducible higher temperatures and finally 
over smoothly into the melting peak. compare with the final melt- 
ing, the scale Figure would have expanded considerably. The 
specific heat melting peak measured for sample (Table was cal./deg. 
similar picture offered the plot the deviation from 
additive specific volumes. Figure contains values this difference from 
The volume deviations start noticeable somewhat higher tem- 
perature and show long, almost linear decrease before going over 
into the horizontal lines high crystallinities, which indicate strict additiv- 
ity. 

Since both completely amorphous well completely crystalline poly- 
ethylene exhibit deviation from specific heats extrapolated down from the 
melt the amorphous and from the low temperature solid for crystalline 
materials, this additional contribution must attributed the presence 
ordered and disordered polymer chain segments the immediate vicin- 
ity, that interaction between the two states order can occur. 

The description offered here is, that below the dotted line Figures and 
the defects present bulk polyethylene can represented assigning 
fractional order them, based the amorphous polymer zero and the 
x-ray crystalline material This leads the well known one param- 
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eter (weight fraction crystallinity description semicrystalline poly- 
mers, which satisfactorily predicts specific heats, specific volumes, and re- 
lated quantities. Above the dotted line this additivity breaks down, the 
disorder and/or size the defects must increase changing some the 
completely partially ordered chain segments near the defects into 
less ordered configuration. This the defects causes the 
enthalpy and volume increase indicated Figures The growth 
the defects reversible over limited temperature range. Only con- 
siderably higher temperatures the defects acquired enough motion 
reorganize into thermodynamically more stable, ordered configurations. 
specific heat measurements this ordering (recrystallization) detected 
prolonged negative drifts after heat For sample 82% 
crystallinity low temperature (Marlex 50), for example, the first growth 
defects occurs according Figure about room temperature, while 
the first noticeable recrystallization was discovered 

Supporting evidence for the above description comes from measurements 
dynamic mechanical properties semicrystalline bulk polyethylene. 
loss peak found semicrystalline polyethylene between the upper 
glass transition peak and the high temperature peak which attributed 
final loss peak indicates maximum the molecular 
relaxation time spectrum the same frequencies was used for the meas- 
urements. Not enough measurements samples varying crystallinities 
and over wide enough range frequencies are known attempt more 
quantitative correlation between specific heats and dynamical mechanical 
measurements. Qualitatively, the intermediate loss behaves 
the proper way. The peak shifts lower temperatures for lower crystal- 
and becomes less intense for higher accord 
with reversible motional process which causes change order near 
defect. 

Nuclear magnetic resonance measurements also indicate additional 
process the temperature range between the upper end the glass transi- 
tion interval (250°K.) and the final melting. The broad component the 
resonance signal which completely crystalline material narrows only 
the melting point starts narrowing about 300°K. for high pressure poly- 
ethylene and increasingly higher temperatures for more highly crystalline 
The narrowing process finally leads disappearance the 
broad component expected complete melting. Determinations 
the fraction rigid polymer* sample are not numerous and accurate 
enough that separation the intensity the narrow component the 
NMR signal according increase mobility amorphous frozen chains 
and increase disordered material could made. must kept 
mind that the effect discussed here second-order effect compared against 
the final melting peak. Taking again the 82% crystalline Marlex 
example, the first detectable deviation comes about 20°C. 70°C. 
the increase the specific heat above that 82% crystalline and 18% 
amorphous material only 0.016 cal./deg. g., which has led enthalpy 
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increase more than cal./g. over this range, which corresponds 
crystallinity change 0.3-0.6%. 

Turning now the relatively sharp melting peak has been long recog- 
nized that determination the disappearance the last trace crystallin- 
ity, the maximum melting point, 
zations after large enough fraction the metastable structure has 
collapsed allows the formation more perfect structures with correspond- 
ingly higher melting points. result measurements performed slow 
rates are made with samples continuously varying 
crystalline order and cannot used draw conclusions about the material 
which was hand the lower Using heating rates which 
are considerably faster than the rate allowed for cooling (crystallization) 
minimizes this reorganization and does allow conclusions about the struc- 
tures hand room temperature and below. Experimentally was 
found that for polyethylene ten times faster heating than cooling rate 
practically eliminates 

The experimental maximum melting point’ for the given 
rate cooling has compared with theoretical maximum melting 
points the thermodynamic equilibrium crystals. The most recent 
extrapolation” paraffin melting points leads 141 2.4°C., 4.5°C. 
higher value. This lowering must attributed mainly surface effects. 
Dissolving the same polymer instead melting, leads further reduction 
the temperature the breakdown the crystalline lattice, due the 
lowering the chemical potential the amorphous polyethylene solu- 
tion. The measurements (part indicate that samples crystallized 
different cooling rates, similar the bulk show shift the 
50% dissolution temperature higher temperatures slower cooling, 
while the experimental maximum dissolution temperature, stays 
relatively constant for the cooling rates used. More accurate experiments 
are progress and will reported later article this series. The 
assumption that the presence the solvent gives only additional term 
eq. (2) leads the modified dissolution equation the given concentra- 
tion: 


Since the defect free energy will not change considerably going from 
melt solution the dissolution temperature perfect crystal can 
estimated about 4.5°C. higher 111°C., value close the 
assumed The uncertainty expected 


Single Crystals 


Experiments solution-grown single crystals elevated temperatures 
are even more involved, since these crystals are grown relatively low 
temperature and heating above the crystallization temperature 
100°C. considerable reorganization has been The most promi- 
nent one thickening the crystal lamellae leading decrease sur- 
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face area which all reorganizations increases the melting point. Figures 
and show, however, that increasing the heating rate beyond 10°C./min. 
leads plateau melting points and the exclusion least one, not 
all the reorganization processes. Since there superheating such 
this temperature has been recorded Table IV, together with 
density and average lamella thickness data. The thickest crystal shows 
clearly the highest melting point, while the two thinnest crystals show the 
lowest melting points using the limiting fast rate melting points. The melt- 
ing points are thus shown depend mainly upon the surface area. Minor 
deviations like between the decane and tetrachloroethylene crystallized 
samples are traceable the difference density, which should measure 
the internal defects, although this correlation the borderline ex- 
perimental accuracy. Assuming that the internal defects contribute little 
the melting point and neglecting all but the fold surfaces gives eq. (2) the 
form 


where the experimental melting point, the maximum melting point 
for the given copolymer content (139°C.), the heat fusion the 
temperature question (66 the thickness (in centimeters), 
and the surface free energy per square centimeter. The data 
coincides with the surface free energies derived previously from crystalliza- 
tion 

Another point interest that there correlation between thick- 
ness and crystallization temperature. The thickness seems dependent 
mainly the degree 

The dissolution experiments the toluene crystallized crystals are not 
quite accurate the melt experiments which were done single identi- 
fied growth spirals. The difference between melting temperature (121.2°C. 
and dissolution temperature (95°C.) 26°C., which within the experi- 
mental error the difference experimental maximum melting tempera- 
ture and maximum dissolution temperature (106.5) sample 
(Table I). 


Solution-Grown Dendrites 


The melting the solution-grown dendrites (Fig. indicates that 
the rates employed were not fast enough arrest extensive reorganization. 
The conclusion which must drawn that the case dendrites the 
larger defect concentration (indicated lower density) allows much 
faster reorganization than the relatively well packed single crystals. 
Experiments are under way increase the heating rates least fac- 
tor get some information the defect structure dendrites. 

From Table least some indication can gained that reorganization 
dendrites occurs not far above the temperature their crystallization. 
slow heating solution the dendrites reorganize well the single 
crystals into structure (Fig. 6f) which cannot resolved into any struc- 
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ture detail optical techniques and appears similar the high tempera- 
ture growth obtained from solution temperatures where single crystals 
could grown over extended periods (days) 
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Résumé 


destruction thermique réseau cristallin polyéthyléne, obtenu par refroidis- 
sement brutal solution (dendrites) par refroidissement lent solutions (simples 
cristaux) masse fondue, été étudiée fonction vitesse chauffage. 
Les dendrites montrérent fortes réorganisations des températures su- 
périeures aux températures cristallisation. Des vitesses chauffage aussi rapides 
que pouvaient pas éviter cette réorganisation. Des vitesses chauffage 
entre étaient nécessaires pour voir point fusion constant pour des 
mono-cristaux croissant partir des solutions. Les points fusion mesurés étaient 
proportionnels peut-étre densité des échantillons déterminés par 
microscopie interférentiel par méthode colonne gradient densité. Des 
valeurs libre surface calculées par abaissement des points fusion 
rangent Les valeurs littérature pour les chaleurs spécifiques 
les volumes spécifiques d’échantillons permettent une discussion comportement 
polyéthyléne semi-cristallin avant fusion. trouvé que les imperfections 
gelées en-dessous température transition vitreuse croissent au-dessus 250°K 
suivant cristallinité globale. Ceci détruit chaleur spécifique aussi 
bien que cells volume spécifique. essayé mettre corrélation des mesures 
NMR pertes mécaniques dynamiques. différence entre température 
fusion dissolution dans toluéne (0.5-8.0 polyéthyléne/g toluéne) par re- 
froidissement lent cristaux obtenus masse aux dépens solutions, été trouvée 
étre 26°C; température maximum dissolution cristaux polyéthyléne dans 
toluéne s’éléve 110°C. 


Zusammenfassung 


Der thermische Zusammenbruch des Kristallgitters von das durch 
Abschrecken aus (Dendrite) und durch langsames Abkiihlen aus 
kristalle) und Schmelze gebildet worden war, wurde als Funktion der Erhitzungsgesch- 
windigkeit untersucht. Die Dendrite zeigten bei Temperaturen knapp oberhalb der 
Kristallisations-temperature starke Reorganisation, die auch durch eine Erhitzungs- 
geschwindigkeit bis hinauf 20°C/min nicht verhindert werden konnte. Zur Erreich- 
ung eines konstanten Schmelzpunktes waren fiir aus Lésung gewonnene 
Erhitzungsgeschwindigkeiten zwischen und notwendig. Die gemessenen 
Schmelzpunkte waren der Dicke und veilleicht auch der Dichte der Proben, wie sie 
interferenz-mikroskopisch und nach der bestimmt 
wurden, proportional. Die aus der Schmelzpunktserniedrigung berechneten Werte der 
freien Grenzflichenenergie liegen Bereich von bis Literaturwerte 
fiir die spezifische und das spezifische Volumen von grésseren Proben 
eine Diskussion des Vorschmelzverhaltens von semikristallinem zeigt 
sich, dass die unterhalb der Glasumwandlungstemperatur eingefrorenen Defekte ober- 
halb 250°K, von der Dadurch wird die 
der spezifischen und des spezifischen Volumens zerstért. Eine 
Korrelation mit NMR- und dynamisch-mechanischen Verlustmessungen wird versucht. 
Der Unterschied zwischen Schmelz- und Toluol (0,5-8,0 
Toluol) sowohl fiir langsam Kristalle aus Substanz als 
auch aus 26°C. Die maximale Lésungstemperatur fiir 
Toluol liegt bei 111°C. 
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Ultimate Tensile Properties Elastomers. 
Characterization Time and 


Temperature Independent Failure 


THOR SMITH, Stanford Research Institute, Menlo Park, California 


Synopsis 


The tensile stress break and the associated ultimate strain elastomer 
depend (1) the chemical and topological characteristics the polymeric network, and 
(2) the test conditions under which rupture observed. separate these effects, the 
ultimate tensile properties can often characterized defined 
values and determined various strain rates over wide temperature range. 
Provided time-temperature superposition applicable, such data superpose plot 
log versus log where the test temperature (absolute) and arbi- 
trarily selected reference temperature. The resulting failure envelope independent 
time (strain temperature and thus depends only basic characteristics 
the polymeric network. illustrate the characterization method, data two 
gum vulcanizates, SBR-I and SBR-II, were analyzed. For SBR-I, 
values and obtained over extensive ranges strain rate and temperature super- 
posed give failure envelope. Data elevated temperatures also gave reliable 
value for the equilibrium modulus. For SBR-II, data obtained various temperatures 
under conditions constant strain and constant strain rate yielded identical failure 
envelopes; this strongly suggests that the failure envelope independent the test 
method. theoretical consideration the time-to-rupture associated with different 
test methods showed that for given values and the time-to-rupture from the 
following types tests should increase the order: constant strain constant stress 
constant strain rate constant stress rate. 


INTRODUCTION 


The tensile stress break and the associated ultimate strain 
elastomer depend markedly the test conditions. Within the 
range rubbery behavior, variation test temperature experi- 
mental time scale may change hundredfold more and nearly 
tenfold. Because this marked variation, has been difficult relate 
unambiguously the ultimate properties different elastomers their 
molecular structures. The ambiguity has existed because differences ob- 
served the ultimate properties various elastomers are normally the 
result two types factors: (/) those related structural characteristics 
and (2) those related only experimental obtain basic 


Most the material this paper was presented before the Division Organic 
Coatings and Plastics Chemistry the 140th Meeting the American Chemical So- 
ciety, Chicago, September 1961. 
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information, the dependence the ultimate properties these two factors 
must evaluated separately. 

this paper, basic method for characterizing the ultimate tensile 
properties amorphous elastomers considered. Characterization 
effected envelope” which independent time and tempera- 
ture effects. Also, the failure envelope appears independent the 
type test used determine the ultimate properties. Thus, differences 
observed the failure envelopes for various elastomers are not the result 
factors which stem from chain interactions and mobilities but are 
primarily the result differences the topological characteristics the 
networks. addition giving basic characterization, the failure en- 
velope also provides criteria for predicting when rupture will occur 
specimen that subjected different types tests and different test 
conditions. 


BACKGROUND INFORMATION 


The most common method for determining ultimate tensile properties 
consists subjecting specimen constant strain rate* and observing 
the stress and the strain the moment rupture. similar but seldom 
used method consists subjecting specimen stress which increases 
constant rate until the specimen breaks. These methods provide 
valuest and where the time break, the elapsed 
time from the beginning test until rupture occurs. For tests con- 
stant strain rate and for those constant rate stress 

When tests are made either constant strain rate constant rate 
stress increase, none the quantities and known prior the 
termination test. However, values the ultimate properties can 
often determined subjecting specimen zero time either strain 
stress which subsequently held constant until rupture occurs. 
conducting such tests, determined along with values either 
depending whether the strain stress fixed throughout the test. 
Such tests provide values and where either prescribed 
the initial test conditions. Although specimen subjected either 
constant strain constant stress can exhibit delayed rupture only under 
certain conditions, there appears rather wide range conditions 
under which rupture can obtained. 

Phenomenologically, the problem characterizing ultimate tensile prop- 


Unfortunately, the majority data reported the literature have been obtained 
subjecting dumbbell-shaped specimen test which the grips are separated 
constant rate. During such test, the strain rate imposed the specimen decreases 
considerably, especially after the elongation exceeds 

this paper, the stress any temperature defined the retractive force divided 
the cross-sectional area the unstressed specimen room temperature; likewise, 
the strain defined the increase length specimen any temperature divided 
the length the unstressed specimen room temperature. 
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Fig. Schematic representation the dependence stress-strain curves strain 
rate and temperature. 


erties requires determination functional relations among and 
and how these quantities depend test conditions and the type test 
conducted. The results, presented subsequently, strongly suggest that 
for each value there exists unique value which independent 
the test method and the test conditions; other words, the functional 
relation between and independent this theory correct, 
not only can the ultimate properties readily characterized, but also 
certain methods can proposed for interrelating values observed 
different types tests. 

Certain important aspects the ultimate tensile properties elastomers 
which remain amorphous until rupture occurs can considered terms 
the schematic diagram shown Figure (This diagram has been 
discussed and light results presented this paper, 
well more recent should modified slightly represent more 
precisely the nature real elastomers.) lines emanating from the 
origin the diagram represent curves determined various 
strain rates and temperatures; the envelope ABC connects the rupture 
points. The point moves counterclockwise around the envelope, 
called the failure envelope, either the strain rate increased the 
test temperature decreased. Such failure envelope, which independ- 
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ent time (strain rate) and temperature, must result provided the well 
known superposition principle applicable ultimate 
property data determined different temperatures and strain rates. 
detailed discussion this principle and its development given 
Chapter reference 4.) That this principle applicable ultimate 
property data for unfilled amorphous elastomers was first several 
years ago analyzing data determined SBR gum vulcanizate 
various strain rates and temperatures. More recently, the principle has 
been used interrelate ultimate tensile properties for certain types highly 
filled the other hand, the principle has been 
inapplicable data obtained elastomers which contain reinforcing 
filler like carbon black. 

The line Figure represents equilibrium behavior, 
that is, the data are independent time and temperature, except for the 
small temperature dependence the stress predicted the statistical 
theory rubberlike elasticity. The dotted lines and represent, 
respectively, stress relaxation and creep which terminate equilibrium 
state. the other hand, the dotted lines extending from represent 
stress relaxation and creep under conditions which lead rupture. The 
latter lines show qualitatively why delayed rupture can occur under condi- 
tions either constant strain constant stress. Although the diagram 
constructed indicate that different types tests values 
and which lie the failure envelope, this behavior requires 
verification; convincing, although incomplete, verification provided 
data this paper. 

The diagram does not indicate whether the rupture point moves along 
toward the origin tests are made progressively either higher 
temperatures lower strain rates; assumed that such tests can 
carried out without the occurrence chemical degradation during the 
test periods. However, results discussed below, well those more 
extensive show conclusively that rupture can occur along the 
equilibrium curve OA. the sharp corner shown the failure 
envelope does not exist. 


MATERIALS AND EXPERIMENTAL METHODS 


The data discussed this paper were obtained during the course 
two previous investigations styrene—butadiene (SBR) gum vulcanizates. 
The first included the testing SBR (hereafter 
called SBR-I) various strain rates and temperatures with Instron 
tester. superposition was found applicable for con- 
structing composite curves from values and determined different 
strain rates and temperatures. recent the 
curves, for strains showed that the dependence the stress 
time and temperature independent its dependence strain over 
wide range test conditions. For the second study,! the stress-relaxation 
properties another SBR (hereafter called were 
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determined various strains and temperatures. The study was made 
demonstrate that delayed rupture will occur specimen maintained 
fixed strain and determine the dependence and the tempera- 
ture and the magnitude the strain. For comparison, values and 
were determined limited number strain rates and temperatures. 

Both supplied Roth the National Bureau 
Standards, were prepared from SBR gum stock which contained 23.5% 
bound styrene. The compounding recipes, which were nearly identical 
for both and the cure conditions are given 
Values the average molecular weight between junction points were 
obtained from both equilibrium swelling and equilibrium modulus data. 
The swelling data gave 8020 for SBR-I and 15,800 for 
corresponding values from the equilibrium modulus are 8,500 and 13,100. 
(The value 8,500 was calculated from the modulus reported 

Tensile data were obtained testing rings cut from sheets the vul- 
canizates. Methods for preparing the rings and for conducting the tests 
are described previous Values were obtained from 
crosshead displacement and the inside circumference the unstretched 
rings; use the average circumference would have given average value 
for the strain existing rupture. [Although the strain uniform around 
ring, varies across ring because the variation the initial gage 
length from the inside the outside diameter ring. 
the other hand, values were erroneously taken equal the tensile 
force divided twice the cross-sectional area the unstretched rings. 
Consequently, reported value not the stress break but the 
average stress existing across stretched ring the moment rupture. 
computational method has recently been devised and for 
obtaining the value stress existing around the inside circumference 
ring the moment rupture. The method involves extrapolating 
observed stress-strain curve beyond the rupture point. However, for 
purposes this paper, did not appear necessary compute the correct 
values from the original data obtained several years ago. 

The magnitude the error depends the shape stress-strain 
curve immediately prior rupture and the ratio the initial average 
diameter ring its initial inside diameter; this ratio for rings SBR-I 
was about 1.07 and for rings was about 1.09. For SBR-I, the 
maximum error occurs values —34.4°C., which temperature 
the largest values were observed. previously reported values 
this temperature were estimated low about 20%. the 
other hand, values were estimated error about 10% 
less. 


IV. ANALYSIS EXPERIMENTAL DATA 
Typical Failure Envelope 
The failure envelope for SBR-I shown Figure The envelope 
defined values and which were determined temperatures 
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Fig. Failure envelope for SBR-I from data determined various strain rates and 
temperatures. 


between —48.4 and 93.3°C. and strain rates each 
the range strain rate was from about 0.0095 9.5 and was ob- 
tained conducting tests crosshead speeds between 0.02 and in./ 


min. define the failure envelope, the data are plotted log 263/T 
versus log Values are multiplied the ratio where 
the test temperature degrees Kelvin, reduce all values the 
arbitrary reference temperature 263°K. The reason and justification for 
including this ratio are given subsequent section. 

Figures shows that data determined different temperatures overlap 
and define the failure envelope quite precisely. Essentially point 
deviates from the curve more than 0.05 unit, which cor- 
responds 12% deviation; the majority the points lie even closer. 
The greatest scatter occurs data determined —42.2 and —48.4°C. 
Data obtained temperatures below —48.4°C. (not shown Fig. 
scatter considerably result necking the specimens during test. 

The rupture point should move counterclockwise around the failure 
envelope either the strain rate increased the test temperature 
decreased. inspection tabulated data shows that the opposite be- 
havior times because scatter the experimental data. Even 
when such behavior observed, the values and usually lie 
close the failure envelope even though their dependence strain rate 
and temperature opposite that expected. Thus, the failure envelope 
defined more precisely than the temperature and strain rate dependence 

detailed the curves showed quite conclusively 
that those determined 87.8 and 93.3°C. were equilibrium ones. 
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Fig. Ultimate property data for SBR-I determined different strain rates 87.8 and 
93.3°C. plotted according the Martin-Roth-Stiehler equation. 


these temperatures, however, the ultimate properties varied considerably 
with strain rate and temperature even though neither viscous relaxation 
nor chemical degradation occurred detectable degree during the test 
periods. For example, 93.3°C. and strain rate 0.0095 
was 1.00, while 87.8°C. and strain rate 9.5 was 2.75; 
the corresponding values were 4.5 and 8.4 10° 
(65 and 122 psi), respectively. 

was found that the equilibrium curves could 
represented the equation Martin, Roth, and 


where equilibrium tensile modulus, the extension ratio which equals 
and adjustable parameter. Data 87.8°C. showed that 
0.47 and 1.04 10’ (151 psi). However, analysis 
extensive isochronal data gave 0.49. verify that 
values and determined 87.8 and 93.3°C. lie along the equilibrium 
curve, such values were fitted eq. (1) shown Figure 
(For constructing Fig. values and were based the average 
instead the inside diameter the rings. Thus, the values shown 
Fig. are smaller factor 1.07 than the corresponding ones Fig. 
2.) Because values were used, the intercept should correspond 
the equilibrium modulus 263°K. the modulus 87.8°C. has 
been found” 1.04 the value 263°K. should 
(1.04 7.6 This modulus value was 
used define the intercept Figure and then the slope the line was 
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adjusted give the best fit the data. The selected slope gives 
0.50 which close agreement with the values obtained previously from 
stress-strain data. Because the points Figure lie quite close the 
line, concluded that the rupture point moves along the equilibrium 
curve either the strain rate increased the test tem- 
perature decreased. Conversely, the results show that reasonably 
reliable value the equilibrium modulus can obtained from values 
the ultimate properties determined under conditions which give equilibrium 
data prior rupture. 

The envelope Figure shows the wide variation which typical 
the ultimate amorphous elastomers. low strain rates and 
high temperature, the ultimate elongation 100% and the corresponding 
tensile strength about 4.5 (65 psi). However, the 
temperature decreased and the strain rate increased, the ultimate elonga- 
tion increases about 600% which corresponds tensile strength 
about dynes/cm.? (1450 psi). still further decrease tempera- 
ture increase strain rate gives reduction the ultimate elongation, 
although the tensile strength continues increase. 


Uniqueness Failure Envelope 


key question that requires careful exploration whether not the 
failure envelope unique, i.e., independent the type test. The 
results discussed the previous section only show that the ultimate prop- 
erties typical amorphous elastomer determined various constant 
strain rates yield failure envelope that independent test conditions. 
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Fig. Failure envelope for SBR-II from data determined under conditions constant 
strain different temperatures. 
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Fig. Failure envelope for SBR-II from data determined various strain rates and 
temperatures. Envelope drawn identical one Fig. 


That is, change either strain rate temperature only shifts the rupture 
point along the envelope. values and determined under condi- 
tions constant strain rate, constant strain, constant stress, and con- 
stant stress rate lie the same envelope, then can concluded that the 
envelope provides basic characterization the ultimate tensile properties 
and depends only certain topological and physical aspects the poly- 
meric network. 

Evidence for the uniqueness the failure envelope results from analyzing 
the data SBR-II reported Ultimate properties SBR-IT 
were determined number constant strains ten temperatures be- 
tween and 60°C. and also several strain rates seven temperatures 
between and 80°C. The failure envelope defined results from the 
constant strain tests shown Figure the points show remarkably 
little scatter about the curves. Even the —15 and —5°C. data, which 
previously! were not presented because erratic variations the rupture 
times, fall the failure envelope. Figure shows the data obtained under 
constant strain rate conditions. The curve this figure has purposely 
been drawn identical that Figure and the individual points, with 
few exceptions, are seen lie extremely close the curve. This agree- 
ment shows that the failure envelope which results from the constant strain 
rate data identical with the one from the constant strain data.* 


Note Added Proof. Recent results described the author the Fourth Inter- 
national Congress Rheology, Brown University, August 1963, show that values 
and determined under constant loads Viton A-HV elastomer yield the same 
failure data obtained from constant strain rate tests. 
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Ideally, ultimate properties should have been measured under other 
test conditions such constant stress and constant rate stress increase. 
the absence such results, tentatively concluded that the failure 
envelope independent the type test and thus basic material 
property which depends only the structural characteristics the elasto- 
mer. 


Temperature Ratio 


obtain the failure envelopes shown Figures and the quantity 
plotted along the ordinate log where the test temperature 
and arbitrarily selected reference temperature. This procedure 
accordance with the kinetic theory rubberlike elasticity, which 
predicts that the elastic retractive force specimen fixed extension 
ratio increases direct proportion the absolute temperature, even 
though the theory does not explicitly treat rupture phenomena time- 
dependent mechanical behavior. However, applying 
superposition methods small-deformation viscoelastic data 
reference temperature, customary multiply values the stress 
relaxation and dynamic moduli the temperature factor before shifting 
plotted data along the time frequency axis effect superposition. Thus, 
when superposition was first superpose values 
and determined different strain rates and temperature, was 
multiplied the temperature ratio, although direct experimental 
evidence was presented justify the procedure. 
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Fig. Plot show that from constant strain tests must multiplied temperature 
ratio obtain superposition. Data from Fig. 
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Results can now presented which show rather conclusively that 
values different temperatures should multiplied before 
they are compared used the preparation failure envelope 
reduced plot. show the important role the factor effecting 
the smooth superposition data Figure individual values obtained 
60, 29.4, —5, and —15°C. have been replotted Figure except that 
the temperature factor has been omitted. Those values measured 
temperatures above 13°C. (286°K.) now fall above the solid curve, which 
the failure envelope shown Figure and those measured and 
—15°C. fall below the solid curve. The dotted lines have been drawn 
parallel the failure envelope but displaced the amount log 7'/286. 
the dotted lines fit the appropriate points quite closely, this behavior 
shows the necessity using obtain smooth failure envelope 
from data different temperatures. 

the factor also needed obtain failure envelope from data 
determined constant strain rates can seen reasonably well examin- 
ing closely the results Figure although recent provide more 
convincing evidence. The need for can also shown examining 
the data who determined the ultimate tensile properties 
SBR gum vulcanizate over wide range strain rate and 90°C. 
Figure shows that his data overlap and yield smooth failure envelope 
tained from the smoothed curves published Greensmith; the original 
data appear quite precise and were obtained testing ring 
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Fig. Plot show that from constant strain rate tests must multiplied 
temperature ratio obtain superposition. 
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specimens each strain rates each temperature.) However, when 
the factor (298/363) omitted, the 90°C. results, shown the squares 
lie appreciably above the solid curve. 

For constructing the failure envelope, precise application 
temperature superposition requires the use 
where and are the respective densities temperatures and and 
the stress break based the cross-sectional area the unstressed 
specimen temperature The density ratio required correct 
for the change stress (at fixed extension ratio) which temperature 
change produces, owing thermal expansion (or contraction), the num- 
ber effective network chains per unit volume. 

mentioned earlier, values and used throughout this paper were 
based the dimensions unstressed specimen room temperature 
(ca. 298°K.) Thus, where and the cross-sectional 
areas unstressed specimen and 298°K., respectively. 
Likewise, the correct value strain where and are 
the lengths unstressed specimen and 298°K., respectively. 
Thus, 298°K. had been selected for constructing the failure en- 
velopes, the correct plot would have been log versus log 
However, because log equals about 0.01 when 
100, negligible error was introduced the failure envelopes omit- 
ting the factor. 


Comparison Failure Envelopes 


Because Figure shows that rupture can occur along the equilibrium 
portional the equilibrium modulus. minimum, this dependence 
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Fig. Comparison failure envelopes for SBR-I and SBR-II; 7.6 
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must exist for values obtained when the stress-strain curves prior 
rupture are equilibrium ones. Thus, the high-temperature portions 
failure envelopes for different elastomers should superpose plot log 
versus log where the equilibrium modulus the temperature 
which the value determined. Recent unpublished results* 
have verified this expected behavior. 

The failure envelopes for SBR-I and SBR-II are compared Figure 
plot log versus log the reference temperatures for the 
failure envelopes for SBR-I Figure and for SBR-II Figure are 
263 and 286°K., respectively, the required values these tempera- 
tures were obtained multiplying those determined 
elevated temperatures. For SBR-I, 7.6 263°K., 

indicates that the failure envelopes for the two 
are probably identical within experimental error for values less than 
about 300%. However, greater values the ultimate strain, 
for SBR-I increases more rapidly with than that for This be- 
havior* seems reasonable because the maximum value for would ex- 
pected decrease with increase degree crosslinking; the degree 
crosslinking SBR-I about 50% greater than SBR-II. the 
other hand, the maximum value undoubtedly depends greater 
degree the distribution chain lengths the molecular network than 
the average degree crosslinking. 


RELATIONS AMONG RUPTURE TIMES FROM DIFFERENT 
TEST METHODS 


Thus far has been shown that the failure envelope can used for 
characterizing the ultimate tensile properties elastomer and for com- 
paring the properties different elastomers. The relatively high precision 
with which experimental data define the envelope results largely because 
values the time break are not required. However, considerations 
how depends test conditions and the type test lead relations 
practical value and may provide information about the molecular proc- 
esses that lead rupture. 

Because the failure envelope appears independent the type 
test, illustrated Figures and methods can possibly developed 
for predicting rupture times when different types tests are conducted. 
example, may possible predict rupture times under conditions 
constant strain, constant stress, and constant rate stress increase 
from the failure envelope and the behavior observed various 
strain rates and temperatures prior rupture. Before pursuing this 
matter further, method for interrelating ultimate properties linear 


Note Added Proof. Recent data obtained the author show that the failure 
envelopes for elastomers whose differ superpose plot log 
versus log this type plot, the envelopes for SBR-1 and SBR-II superpose 
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viscoelastic materials must real elastomers not exhibit 
linear viscoelastic behavior except small strains, this discussion given 
only illustrate certain principles and provide basis for subsequent 
considerations real elastomers. 


Linear Viscoelastic Materials 


linear materials, the relaxation stress sample 
maintained constant strain given the equation 


(2) 


where the stress which depends time and strain and 
the stress-relaxation modulus which independent strain. Stress— 
strain curves measured constant strain rates can represented 


where the constant strain rate modulus which depends only time 
and increases direct proportion the time. The stress-relaxation 
modulus F(t) the equation 

log 


log 


Likewise, the strain specimen maintained under constant stress 
given 
o 


where the creep compliance. When specimen subjected 
stress which increases constant rate, the resulting behavior 
can represented 


o 


(6) 


time alone which can called the constant stress rate compliance. The 


log 


(7) 


The above six equations are exact and apply any material within the 
range linear viscoelastic behavior. 
Let now assume that can represented over some range time 
the equation 
b>0 


€ 

(3) 
2g 
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where and are constants. the application eq. (4), the following 


When can represented eq. (9), the creep compliance given 
exactly 


obtain U(t), D(t) from eq. (10) can substituted eq. (7) and the re- 
sulting differential equation solved subject the boundary condition 


(10) 


sin 
U t t? 
b?) (11) 


have assumed that linear behavior exists the 
rupture point, eqs. can applied determine differences 
rupture times under the test methods being considered. this purpose, 
let assume that specimen subjected constant strain rate ruptures 
time and Now suppose that specimen subjected 
initially the strain Because the failure envelope independent 
the test method, rupture will occur under the constant strain when the 
stress has relaxed the value o,*. immediately prior rupture 
E(t) must equal F(t). Consequently, from comparison eq. (9) with 
eq. (8), follows that the time break under constant strain, 
related the equation 


Similarly, specimen subjected the constant stress rupture 
will occur when the strain reaches comparison eq. (8) with eq. 
(10) shows that under the constant stress the time break given 
the equation 


(13) 


= ] t, (2) — ] 


Now suppose that specimen subjected stress which increases 
constant rate and that the rate selected such that and will 
reached the time rupture. Under these conditions, the time break 
obtained equating eqs. (8) and (11), given 


sin 


Thus, for given values and have found interrelations among 
the rupture times obtained from the different types tests. The dif- 


PS 

ae 
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T T 
RUPTURE TIME CONSTANT 


STRAIN 
STRAIN RATE 


STRESS RATE 
STRESS 


-0.4 
(2) 
LOG 


Fig. Differences logarithms rupture times from different test methods for 
linear viscoelastic material whose stress-relaxation modulus E(t) 


ferences the logarithms the rupture times are functions the param- 
eter and these differences are shown function Figure 
When near zero, Figure shows that rupture times under constant strain 
rate and constant stress rate are essentially identical. Also, the rupture 
times under constant strain and constant stress are identical for 
but are lower factor about 2.7 than rupture times observed under 
conditions constant strain rate and constant stress rate. increases 
magnitude, appreciable differences develop among the rupture times 
from the four types tests. 


Real Elastomers 


possible modification linear viscoelastic theory can now proposed 
for predicting how different types tests affect the rupture times real 
elastomers. 

For certain elastomers, stress-relaxation data can represented the 
equation 


K(t) (15) 


€ 


where strain which approaches unity approaches zero. 
order for eq. (15) fit experimental data, stress-relaxation data must 
yield parallel curves plot log versus Some years ago, this 
behavior was found over certain regions the time scale elongations 
100% for and for such behavior 
was found for SBR elongations 500%. has been postulated 
that other amorphous elastomers show similar behavior 
certain regions the time-scale. Apparently, however, extensive 
study has been made determine the ranges temperature, time, and 
strain which function strain alone. 
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When stress-relaxation results can represented eq. (15), stress— 
strain curves determined constant strain rates can probably repre- 
sented the equation 


g(e) Fi) (16) 


€ 
The recent the curves SBR-I showed that eq. 
(16) was applicable and that was independent time and temperature 
temperatures between —34.4 and 93°C. and strains rupture. 
Further, each temperature, could represented F(t) 
thus appears that eq. (12) can applied over wide range temperature 
predict the difference rupture times under conditions constant 
strain and constant strain rate. 

temperatures between and 60°C., the stress-relaxation data for 
SBR-II can eq. (15), and turn can represented 
eq. (9) with approximately equal 0.027. For this value eq. 
(12) predicts that rupture times under constant strain should lower than 
those under constant strain rate factor 0.36 (—0.44 logarithmic 
unit). Although the experimental data reported are not 
inconsistent with this prediction, the uncertainties the test data pre- 
clude adequate evaluation. However, some the data are rather 
good agreement with the prediction. (See Figs. and reference 
for comparison results obtained 29.4, 40, 50, and 60°C.) 

The creep compliance elastomers can often represented 


where h(e) function only the strain. recent discussion problems 
associated with determining appropriate strain function has been given 
who has tested several possible functions analyzing 
creep and creep recovery data. eq. (17) represents creep data for 
material, shall assume for present purposes that curves 


determined constant rate stress increase can represented 


where increases direct proportion the time. Now suppose that rup- 
ture occurs under constant stress and that occurs under 
the stress rate needed effect rupture the same values and 
observed under the constant stress. Thus, the two tests are conducted 
such that must equal can represented eq. 
(10), then the differences the rupture times can obtained equating 
eq. (10) witheq. result 
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Further, assume that eqs. (17) and (18) identically equal 
eqs. (15) and (16) and that and defined 
for representing large-deformation behavior, depend time according 
eqs. (8)—(11), then the differences are given eqs. 

Data for testing eq. (19) and eqs. (13)—(14) apparently are not available. 
interesting observe, however, that determined the ultimate 
tensile properties chloride material subjecting specimens 
constant loads temperatures between and 125°C. and found that 
the data gave smooth failure envelope. However, until the failure en- 
velope for single material has been determined employing several 
different type tests, cannot stated conclusively that the envelope 
independent the type test. Likewise, determine whether 
not eq. (19) and eqs. are applicable, extensive studies will 
required. These studies should designed determine eqs. 
are correct and g(e). Thus, the equations presented this sec- 
tion are now quite speculative; they have been presented primarily 
suggest basic approaches the overal! problem understanding ultimate 
properties and indicate needed experimental studies. 
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Résumé 


dépendent dans élastomére (1) des caractéristiques chimiques topologiques 
réseau polymérique, (2) des conditions expérimentales pour lesquelles rupture été 
séparer ces deux effets, peut souvent caractériser les propriétés 
tension par une “enveloppe qui est définie par des valeurs 
déterminées différentes vitesses tension dans large domaine tempéra- 
ture. Etant donné que peut appliquer superposition temps-température, ces 
température d’expérience °K. une température référence choisie arbitraire- 
ment. L’“enveloppe qui résulte est indépendante temps (vitesse 
tension) température dépend done uniquement que caractéristiques 
essentielles réseau polymérique. Afin d’illustrer méthode caractérisation 
étudié les données deux gommes vulcanisé, SBR-I SBR- 
II. Dans cas SBR-I, les valeurs qui ont été obtenues dans larges do- 
maines vitesse tension température superposent pour donner une “en- 
veloppe des températures plus élevées les résultats donnent également 
une valeur relation avec module Dans cas SBR-II, obtient 
une “enveloppe équivalente des températures variables avec une tension 
une vitesse d’étirement constantes. Ceci parait fortement suggérer que 
rupture est indépendante méthode expérimentale. Une considération théorique 
temps-rupture, associée différentes méthodes expérimentales nous montre que pour 
valeurs données relation temps-rupture augmente dans des différents 
facteurs: tension interne constante force constante vitesse tension constante 
vitesse d’étirement constante. 


Zusammenfassung 


Die Zugspannung beim Bruch und die entsprechende Bruchdehnung 
(1) von den und topologischen des Polymernetzwerkes und (2) 
von den experimentellen Bedingungen beim Bruch ab. Zur Trennung dieser 
die Zugeigenschaften beim Bruch durch eine 
terisiert werden, die durch die bei verschiedenen Dehnungsgeschwindigkeiten einen 
weiten Temperaturbereich bestimmten Werte von und definiert ist. Unter der 
Voraussetzung, dass eine Zeit-Temperatur-Superposition anwendbar ist, bilden solche 
Daten beim Auftragen von log gegen log eine gemeinsame Kurve, wobei die 
Versuchs-temperatur und eine willkiirlich Bezugstemperatur ist. 
Die resultierende Bruchenvelope ist von Zeit 
und Temperatur und somit nur von Grundeigenschaften des Polymernertzwerkes 
ab. Zur Illustration dieser Charaktersierungsmethode werden die zwei 
Butadien-Kautschukvulkanisaten, SBR-I und SBR-II, ermittelten Daten analysiert. 
Bei SBR-I bildeten die ausgedehnte Dehnungsgeschwindigkeits- und Temperatur- 
bereiche erhaltenen Werte von and eine gemeinsame Bruchenvelope. Die bei 
erhéhten Temperaturen ermittelten Daten ergaben auch einen Wert fiir 
den Gleichgewichtsmodul. Fiir SBR-II ergaben die bei verschiedenen Temperaturen 
unter Bedingungen konstanter Dehnung und Dehnungsgeschwindigkeit ermittelten 
Daten identische Bruchenvelopen. Dies weist deutlich darauf hin, dass die Bruchenve- 
lope von der Priifmethode ist. Eine theoretische Betrachtung der Bruch- 
zeit bei verschiedenen Priifmethoden ergibt, dass bei gegebenen Werten von und 
die nach den folgenden Testmethoden ermittelte Bruchzeit der Reihenfolge konstante 
Dehnung konstante Spannung konstante Dehnungsgeschwindigkeit konstante 
Spannungsgeschwindigkeit ansteigen sollte. 
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Nitrosation Linear Phenol-Formaldehyde Polymers 


WILLIAM BURKE and HAROLD HIGGINBOTTOM, 
Department Chemistry, University Utah, Salt Lake City, Utah 


Synopsis 


The nitrosation linear phenol-formaldehyde polymers was readily affected 
aqueous give products containing p-benzoquinone mon- 
oxime repeating units. Elemental analyses and infrared spectra indicated the presence 
nitrophenol moieties also. Factors influencing the nature the nitrosation reaction 
were studied. 


INTRODUCTION 


Several types linear phenol-formaldehyde polymers with recurring 
units known structure have been prepared this The 
physical and chemical properties such isomeric polymers were shown 
strikingly different. Further substantial modifications properties 
were noted chloro substituted polymers this 

The availability phenol-formaldehyde polymers having 
highly reactive free para position each repeating offers attractive 
source other polymers through chemical modification. The simplicity 
such polymer structure also offers important advantages the inter- 
pretation results any system having potentially complicated side reac- 
tions. 

Nitrosation phenols occurs readily under mild conditions give nitroso 
derivatives which the solid form least have been shown exist almost 
exclusively the p-benzoquinone monoxime tautomer.‘ view this, 
the nitrosation phenol-formaldehyde polymers appeared 
offer attractive approach polymeric products having novel repeating 
units. 


EXPERIMENTAL APPROACH 


the nitrosation phenols aqueous acidified solutions sodium 
nitrite, carrier this ion, NOX, presumed the nitrosating 
Little information, however, available concerning the nature 
the nitrosonium ion carrier organic solvent—acid systems. 

Since the use aqueous nitrosating system with the phenolic polymers 
was not practical, several types solvents were considered. These in- 
cluded N,N-dimethylformamide acetone, and dioxane well 
mixed solvents. was selected the basis high polarity, good 
3617 
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solvent power, miscibility with water, low freezing point, and stability. 
general mineral acid was added dropwise with good agitation cooled 
solution the polymer and sodium nitrite DMF. 


RESULTS 


The series runs outlined Table was made order determine the 
influence selected reaction variables. The properties the resulting 
polymers are summarized Table IT. 


TABLE 
Preparation Nitrosated Phenol-Formaldehyde Polymers 


Poly- Amt. 
mer DMF, acid, Temp., 
No. moles* Acid moles* hr. 
500 0.11 0.1 Air 
500 0.125 0.63 Air 


Per 0.1 mole polymer repeating unit. 
Atmosphere contact with reaction medium. Nitrogen was added continuous 


stream during reaction period. 


TABLE 
Properties Nitrosated Phenol-Formaldehyde Polymers 


Solu- 
bility 
100 0.38 64.4 4.1 6.9 24.5 64.1 4.3 6.9 24.5 
0.25 4.0 7.3 4.0 7.3 31.3 
0.37 68.7 4.6 5.3 68.4 4.9 5.4 21.3 
100 0.37 257 5.7 21.4 68.4 4.8 5.8 21.0 


Polymer number indicates method preparation Table 

25°C. excess DMF. 

DMF 25°C. concentration 0.5 g./100 ml. 

Reported anhydrous basis. Oxygen values are difference. 

Caleulated for High oxygen value did not permit evaluation 
and 
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Infrared spectra, viscosity measurements, and elemental analyses were 
used characterize the resulting nitrosated polymers. was noted that 
the polymers prepared under certain conditions dissolved with difficulty and 
had high solution viscosity. each case the polymeric products had 
oxygen content which was higher than that calculated for simple nitrosa- 
tion. Infrared data indicated the presence nitro and diazo groups 
addition the desired p-benzoquinone oxime units. 

The formulas given Table are calculated the basis principal 
contribution the three indicated structures. random order these 
residues assumed present along the chain. general the contribu- 
tion diazo and other possible impurities, well end groups, was be- 
lieved small. 

The side reactions which appeared have the greatest influence the 
nature the modified product were oxidation the nitrophenol and 
diazonium salt formation (IV) followed azo coupling (V) with the un- 
reacted phenol residues. 


CH,— CH;— 
CH,— 
re) 
H,— 
CH,— 
+ ~- 
NOH 


Jaeger® noted that nitrosophenol will react with excess nitrous acid 
produce p-hydroxybenzene diazonium nitrate. More excess 
nitrous acid has been used effect direct preparative diazotization 
activated aromatic compounds. The mechanism obscure but probably 
proceeds through intermediate nitrosophenol. Obviously, excess nitrous 
acid nitrosating medium will favor this side reaction. The diazotiza- 
tion favored the presence certain oxides nitrogen. has 
been shown that p-nitrosophenol will react with nitric oxide acetic acid 
give the diazonium 

most instances the nitrosation reaction mixture remained homogeneous 
during the entire reaction period. indicated that coupling did not 
occur any significant extent. Upon isolation and neutralization the 
polymeric product, coupling could more reasonably take place with result- 
ing decrease solubility. 
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order obtain maximum benzoquinone oxime residues with 
minimum side reactions, several reaction variables were controlled. 
The presence various oxides nitrogen appeared favor both oxidation 
and diazotization. These oxides can form the decomposition nitrous 
acid through disproportionation 


The presence these oxides was minimized maintaining the temperature 
below 0°C. and passing stream nitrogen through the system during 
the entire course the reaction. Control the molar ratio nitrous acid 
the phenolic residues was critical. Keeping the ratio below unity 
definitely reduced the diazotization side reaction. The oxidation the 
benzoquinone oxime groups nitrophenol units was also strongly depend- 
ent nitrous acid concentration. 

noticeable change the nature the reaction product was observed 
when phosphorous acid was used place acid liberate free 
nitrous acid. The lower acidity and reducing properties phosphorous 
acid appeared important. Use small amounts this acid and 
very slight molar excess sodium nitrite phenol residue inert 
atmosphere gave optimum results with regard nitroso content free from 
side reactions (Table polymer 4). evidence diazotization was 
found and minimum number nitro groups were present. However, 
only about 50% the phenol residues were substituted. increased 
amount nitrite salt and phosphorous acid with decreased reaction time 
gave higher substitution but simultaneously resulted some diazotization 
and increased oxidation (Table II, polymer 5). From the results obtained 
was concluded that conditions which favor high conversions benzo- 
quinone oxime system also favor the occurrence undesirable side reac- 
tions. 

The nitrosated polymers containing minimum number other nitrogen 
containing functional groups were bright canary-yellow amorphous solids. 
increase the number diazo and nitro groups led darker products. 
Polymers with high quinone diazide impurity content changed dark 
reddish-brown upon heating. All the modified polymers darkened and 
charred when gradually heated melting point block and displayed 
distinct softening decomposition points. dropped preheated 
block, however, they decomposed violently the region 

The freshly isolated polymers which had reduced solubility exhibited 
weak but distinct infrared band 4.75 This band characteristic 
diazophenol the high resonance form quinone the 
group displayed itself the infrared probably did 
the same region where the benzoquinone oxime group has very strong 
carbonyl absorption The spectrum the nitrosated polymer 
Table showed band 4.75 When exposed direct sun- 
light heated, the polymer darkened appreciably and the band disappeared 
spectrum, This behavior characteristic quinone 
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The band 4.75 quinone diazides very strong. The weak band 
that appeared this position the spectra the nitrosated polymers 
indicated that the number these residues the polymer was small. The 
partly soluble polymer products generally contained only small amount 
insoluble material. This denoted that there were very few 
crosslinks between chains. 

The infrared spectra the model compound 2,6-dimethyl-4-benzo- 
quinone oxime was used conjunction with the spectral data obtained 
Philbrook and Getten‘ number p-benzoquinone oximes provide 
basis for specific band assignments. The infrared bands are believed 
arise from quinoid structural features since bands characteristic aromatic 
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WAVE LENGTH MICRONS 


Fig. Infrared spectra of: (A) phenol-formaldehyde polymer; (B) 
nitrosated phenol-formaldehyde polymer Table II; (C) 2,6-dimethyl-4- 
benzoquinone oxime. 
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structures were not there close overall similarity 
the spectra p-benzoquinones, particularly with respect the strong 
and olefinic absorptions. The infrared spectrum 
4-benzoquinone oxime given Figure 

The small inflection 6.10 the infrared spectrum nitrosated poly- 
mers (Fig. was attributed absorption and was almost cbscured 
the intense absorption 6.14 small band 6.4 indi- 
cated the presence conjugated groups. The positions these 
absorption bands the polymer spectra corresponded almost exactly 
those the oxime model (Fig. 1). 

The majority the bands the region the spectra 
benzoquinone oximes have not been assigned any definite structures. 
Evidence brought out the present study indicated that the broad strong 
band the 9.7 region due the presence p-benzoquinone oxime 
residues the polymer. the monomeric p-benzoquinone oximes 
studied Philbrook and Getten‘ contained strong unassigned band the 
region. Although the specific vibrational mode responsible for 
this band not known, was useful detecting benzoquinone oxime 
residues, particularly low concentrations. 

Quinones with isolated atom the ring show moderately strong 
2,6-dimethyl-4-benzoquinone oxime model and the shoulder the same 
region the nitrosated polymers may due similar structure. Un- 
reacted phenol residues the polymer were indicated small 
phenol residues were indicated shoulder 6.55 which the region 
attributed the asymmetric stretching mode aromatic nitro group. 
The broad strong band probably resulted from combination 
the symmetric stretching mode the aromatic nitro group and the N—O 
stretching mode the oxime 

Other features present the nitrosated polymer spectra were associated 
—OH stretching (3.1 and deformation (8.25 bands. Weak 
stretching and deformation bands were present 3.4 and 6.9 respec- 
tively. 

The viscosities the resulting polymer products were measured DMF. 
The modified polymers containing only benzoquinone oxime, nitrophenol, 
and unreacted phenol residues were readily soluble either acetone 
plots versus gave essentially straight lines with 
zero slopes. The viscosity these polymers was slightly less than the 
corresponding unmodified polymers. When the modified polymers con- 
tained crosslinks, they were difficultly soluble DMF and 
usually contained small fraction totally insoluble material. Viscosities 
the soluble fractions were greater than the unmodified polymers some 
such cases. 

The benzoquinone oxime residues did not react with phenol concen- 
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trated sulfurie acid give the color test characteristic the Liebermann 
qualitative test detect the presence such residues was 
developed employing reactions described Burmistrov The 
test was made pyridine DMF and consisted forming the sulfonate 
ester followed basic hydrolysis the ester the presence phenol. 
The resulting indophenol salt was intense green and turned red upon 
addition concentrated All the polymers listed Table gave 
positive modified Burmistrov color test for the benzoquinone oxime 
residue. The test extremely sensitive with monomers. very low 
benzoquinone oxime residue content polymer difficult detect, 
however, because bulk polymer precipitation. 


EXPERIMENTAL 


Infrared Absorption Spectra 


Infrared spectra the products were determined potassium bromide 
disks with Beckman Model IR-4 recording spectrophotometer with so- 
dium chloride optics. potassium bromide disk was used reference. 


Determination Intrinsic Viscosity 


Relative viscosities polymers were determined two more concen- 
trations chosen give values the range from about 1.05 1.50. 
The measurements were carried out DMF 25°C. and No. and 100 
Cannon-Fenske viscometers. Plots against were prepared and 
extrapolated graphically zero concentrations. 


Synthesis 2,6-Dimethyl-4-benzoquinone Oxime 


hydroxide (0.5 moles), and sodium nitrite (0.52 moles) 800 ml. 
water was cooled 0°C. and maintained this temperature for the dura- 
tion the reaction. Aqueous 48% sulfuric acid (98 ml.; 0.66 moles) 
0°C. was added dropwise with stirring over 2-hr. period the phenol 
solution. orange solid precipitated during the addition the acid. 
The solution was stirred for additional hr. and the orange solid was 
then removed filtration and washed with cold distilled water. The 
crude yield was 83%. After recrystallization from water, the product 
melted 


ANAL. Caled. for 63.56%; 6.00%; 9.27%. Found: 63.84%; 
6.04%; 9.21%. 


Nitrosation Phenol-Formaldehyde Polymer 


solution 2.12 phenol-formaldehyde polymer (0.02 
moles unit, 0.40) and 1.52 sodium nitrite (0.022 moles) 
ml. DMF was cooled 0°C. and maintained this temperature 
for the duration the reaction. solution 3.3 phosphorous acid 
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(0.04 moles) ml. was cooled and added dropwise with 
stirring the polymer solution over 2-hr. period. During the entire 
reaction period nitrogen was passed through the reaction vessel 
order sweep out any oxides nitrogen which might evolved and the 
mixture was agitated constantly with strict temperature control. the 
end total reaction period hr., the solution was added slowly with 
stirring one liter distilled water and ice containing ml. 37% 
hydrochloric acid. The canary-yellow solid was removed filtration, 
washed thoroughly with distilled water, and dried 60°C./0.5 mm. over 
Drierite for hr., 0.37. 


5.70%. Found: 4.80%; 5.77%. 


The results obtained modifications this reaction are summarized 
Table 


Qualitative Test for the Detection p-Benzoquinone Oxime Residues 


solution composed 0.05 0.2 the material being tested dry 
pyridine DMF was treated with drops chlo- 
ride. The solution was allowed stand room temperature for two 
more hours and was then treated with ml. freshly prepared 10% NaOH 
containing phenol/10 ml. The tube was shaken and allowed 
stand until color change was observed. the case positive test, 
intense green coloration appeared within minutes with monomeric p-benzo- 
quinone oximes. Polymers, the other hand, often had stand for 
several hours before giving positive test. Addition concentrated 
acid the green solution yielded intense red coloration. Qui- 
nones, phenols, and nitrophenols not interfere with the test. 


This work was supported part the Army Research Office(Durham). wish 
express appreciation the University Utah Research Committee for fellowship (to 
This material was abstracted from thesis submitted Higginbot- 
tom partial fulfillment the requirements for the Ph.D. degree the University 
Utah. 
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Résumé 


nitrosation des polyméres, phénol-formaldéhyde linéaires, liés 0,0-, été effec- 
tuée facilement solution aqueuse elle donne des produits 
contenant des unités périodiques mon-oxime élémentaire 
les spectres infarouges indiquent également présence moitiés nitrophénol. Les 
facteurs influencant nature réaction nitrosation ont été étudiés. 


Zusammenfassung 


Die Nitrosierung linearer Phenolformaldehydpolymerer unter Bild- 
ung von Produkten mit p-Benzochinonmonoximbausteinen konnte leicht 
N,N-Dimethylformamid werden. Elementaranalyse und Infrarotspektren 
sprachen auch fiir die Anwesenheit von Nitrophenolgruppen. Die fiir den Verlauf der 
Nitrosierung verantwortlichen Faktoren wurden untersucht. 
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fonic Polymerization Diphenylvinylphosphine 
Oxide* 


ALLCOCK and KUGEL, Chemical Research Department, 
Central Research Division, American Cyanamid Company, Stamford, 
Connecticut 


Synopsis 


Grignard reagents, organolithium compounds, sodium naphthalene and aluminum 
halide catalysts were examined initiators for the polymerization di- 
phenylvinylphosphine oxide. The most effective catalysts studied were Grignard rea- 
gents and sodium naphthalene. With Grignard catalysis, polymers molecular weight 
~10,000 were produced although the yield, molecular weight, and crystallinity 
the products were influenced the organic and halide components the catalyst 
and the reaction solvent. Copolymerization studies indicated that the anionic 
reactivity diphenylvinylphosphine oxide between those styrene and methyl 
methacrylate. For Grignard catalysis anionic-type polymerization mechanism 
proposed which requires the formation halide adducts 
the transition state. 


INTRODUCTION 


Recent publications have described the free-radical polymerization 
behavior diphenylvinylphosphine oxide. Berlin and Butler! and Rab- 
inowitz and Pellon? reported free-radical solution and bulk polymerizations 
this monomer which yielded mainly oligomers. The latter authors 
found that the compound also showed low reactivity copolymeriza- 
tion with styrene and methyl methacrylate. This behavior was ascribed 
the electronic and steric properties the diphenylvinylphosphine oxide 
molecule! and the lack radical stabilization the diphenylphosphine 
oxide al.‘ reported the preparation polymer 
molecular weight 30,000 x-ray irradiation the molten monomer. 

have examined the use several organometallic initiators effect 
the polymerization diphenylvinylphosphine oxide. These include 
Grignard reagents, organolithium compounds, sodium naphthalene, and 
Ziegler-Natta type initiators. Catalysis Grignard reagents was studied 
more detail, and these results are interpreted terms polymeriza- 
role diphenylvinylphosphine oxide ionic copoly- 
merization reactions also discussed this paper. 


Presented, part, the Eleventh Canadian High Polymer Forum, Windsor, On- 
tario, September 1962. 
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RESULTS AND DISCUSSION 
Properties Diphenylvinylphosphine Oxide Polymers 


The polymers prepared from diphenylvinylphosphine oxide the pres- 
ence organometallic initiators formed range products with molec- 
ular weights between 2,000 and 10,000 and with reduced specific and in- 
trinsic viscosities between 0.02 and 0.10. Melting points products 
within this range varied from 150°C. over 300°C. Polymer solubility 
solvents such toluene, tetrahydrofuran (THF), and chloroform de- 
creased with increasing chain length. Oligomers (MW 2,000) were 
soluble these solvents, but higher polymers (MW were 
soluble only polar solvents, such dimethylformamide (DMF), di- 
sulfoxide, pyridine, nitrobenzene, aliphatic carboxylic acids, and hot 
alcohols. Both oligomers and polymers were insoluble aqueous liquids 
although hydrate formation occurred both the solid state and solution. 
water from the solid hydrates was achieved prolonged drying 
vacuum oven. When dried this manner the materials gave satis- 
factory analyses for diphenylvinylphosphine oxide polymers. The absence 
1,4-addition products was suggested the infrared spectra the poly- 
mers, which showed peaks due P-O-C absorption and which resem- 
bled that the monomer except for the absence peak 972 

Polymers prepared with the use Grignard reagents initiators were 


examined x-ray diffraction, and both crystalline and amorphous mod- 
ifications were detected, the degree order being dependent the poly- 
merization conditions employed. 


Polymerization Grignard Reagents 


When solutions diphenylvinylphosphine oxide toluene, tetrahy- 
drofuran, pyridine were treated with catalytic amounts Grignard 
reagents, color change from colorless yellow orange occurred im- 
mediately, and polymerization reaction was initiated. Reactions 
toluene tetrahydrofuran were generally heterogeneous from the time 
catalyst addition, with solid polymer separating continuously from the 
mixtures. Polymerizations were usually performed for hr., and after 
this time the polymer was isolated and fractionated according solubility 
tetrahydrofuran, toluene and heptane. The yields, molecular weight 
range and crystallinity the products were dependent number 
factors, and the influence initiator concentration, organomagnesium 
halide, and solvent were examined. 

Initiator Concentration. The data Table describes the effects 
tenfold variation the catalyst/monomer ratio the yield polymer. 
There appeared lower limit the catalyst/monomer ratio below 
which yellow color formation polymerization occurred. The failure 
polymerizations below this limit was attributed reaction the 
catalyst monomer anion with traces water impurity the monomer 
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TABLE 
Variation Polymer Yield with Catalyst/Monomer Ratio* 


Monomer] 


Conversion, 


3.0 0.05 
5.0 


Polymerization method Grignard, (0.022 
moles); ml.); temp., 25°C.; reaction time, hr. 
Toluene-insoluble products (m.w. over 2,000). 
Intrinsic viscosity range fractionated products. 


solvent. The threshold varied with the polymerization technique 
employed, being lower for reactions within vacuum system, and also 
varied slightly for different solvents and from batch batch the same 
solvent. Comparative reactions were performed with the use the same 
supply solvent for polymerizations the same series, and with stand- 
ardized drying technique for the monomer prior each reaction. For 
the series described Table conversion polymer given time was 
proportional the catalyst/monomer ratio. The intrinsic viscosities 
the products showed significant dependence the catalyst monomer 
ratio over the concentration range studied. 

Changes Structure Grignard Reagents. The polymerizations 
were sensitive the type Grignard reagent used initiator, and the 
influence several organomagnesium halides was examined. measure 
the relative effectiveness different catalysts was obtained from the 
percentage conversions tetrahydrofuran-insoluble polymer, shown 

both toluene and tetrahydrofuran solvents the polymer yields varied 
with both the organic and halide components the organomagnesium 
halides. Under the conditions described, the conversion varied with 
RMgBr the order, phenyl> n-butyl, and with 


TABLE 
Influence Grignard Reagent Conversion Polymer Toluene Solvent* 


Reduced specific viscosity 
THF-insoluble (1% solution DMF), 
product, dl./g. 


t-BuMgBr 


Grignard 


0.080 
n-BuMgBr 0.050 
n-BuMgCl 0.050 


Polymerization method Grignard (1.56 moles); 
(2.2 moles); toluene (100 ml.); temp. 25-26°C., reaction time, hr, 
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TABLE 
Influence Grignard Reagent Conversion Polymer 
Tetrahydrofuran Solvent* 


Reduced 
specific viscosity 
(1% solution 
DMP), 
dl./g. 


0.100 


[Grignard] 
Grignard 10? 


10.3 
35. 0.040 
n-BuMgBr 0.085 
C.H;MgBr 2 0.090 


Polymerization method (2.2 
ml.); temp. 25-26°C.; reaction time, hr. 

120 ml. THF. 


product, 


moles); THF (100 


Solvent Changes. The data Tables and III indicate that replace- 
ment toluene tetrahydrofuran reaction solvent generally resulted 
lower yields higher molecular weight polymers. Comparisons 
catalyst/monomer ratios with molecular weights computed from viscosity 
data revealed that, with the exception n-butylmagnesium iodide catal- 
ysis, reactions toluene yielded polymers chain length corresponding 
approximately one catalyst molecule per chain. tetrahydrofuran 


the highest polymers contained greater ratio monomer units for each 


initiator molecule. This evidence may reflect partial catalyst deactiva- 
tion destruction tetrahydrofuran. 

Another contributing factor for the formation higher molecular 
weight polymers tetrahydrofuran is, probably, the fact that poly(di- 
phenylvinylphosphine oxide) more soluble tetrahydrofuran than 
toluene. this system appeared possible that precipitation polymer 


TABLE 
Polymerization Diphenylvinylphosphine Oxide Toluene, 
Tetrahydrofuran and Pyridine* 


[Catalyst] 


Temperature, 
Solvent 
Toluene 25-26 
THF 
Pyridine 
0 
—40 


Polymerization method catalyst, 


(100 ml.); (2.2 moles). 


Insoluble THF and toluene. 
Soluble THF, insoluble toluene. 


Product 


Product 


OF e 


reaction time, 


solvent 
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retarded further chain growth and limited the degree polymerization. 
was, therefore, interest carry out polymerizations pyridine 
which the polymer soluble. Table describes the results polymeriza- 
tion reactions toluene, tetrahydrofuran, and pyridine. 

comparable catalyst/monomer ratio and temperature, higher 
weight polymer was not produced pyridine than toluene 
tetrahydrofuran, and decreases reaction temperature from 25°C. 
—40°C. pyridine did not change the polymerization behavior sig- 
nificantly. decrease the catalyst/monomer ratio pyridine served 
increase the yield higher molecular weight products. However, analysis 
the products demonstrated the presence nitrogen (0.4 0.8%). 
Furthermore, the reduced specific viscosities products prepared py- 
ridine were similar those prepared toluene, although the former were 
soluble tetrahydrofuran and the latter were insoluble. These results 
suggest the participation pyridine anion, formed reaction the 
Grignard polymer anion with the solvent, and indicate that the reaction 
mechanism pyridine differs from that toluene tetrahydrofuran. 

Changes the polymerization solvent resulted differences the 
the polymers. Polymers prepared tetrahydrofuran, 
pyridine, toluene containing more than diethyl ether gave amor- 
phous x-ray diffraction patterns. Polymers prepared toluene solvent 
(except with n-butylmagnesium chloride) were crystalline when isolated 
directly from the reaction mixtures, were amorphous when reprecipitated, 
and recovered crystallinity when heated below the softening point when 
swelled chloroform and dried. 

Polymerization Mechanism. Recent publications the nature 
Grignard reagents suggest that halogen-bridged complex between di- 
organomagnesium and magnesium halide likely structure, and that 
donor solvents, such ethers pyridine, coordinated adducts are formed 
between the organomagnesium halide and the 

Initiation diphenylvinylphosphine oxide Grignard reagents probably 
involves the prior formation halide 
Grignard complex (I) followed conversion colored monomeric 
anion (II): 


Formation would retarded donor solvents because solvent 
coordination with the catalyst. the formation beta-addition 
the organic anion tentatively assumed view the evidence 
related nucleophilic The adducts and are believed 
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the initial precipitate formed when Grignard reagents are added solu- 
tions diphenylvinylphosphine oxide, since rapid isolation the pre- 
cipitate yielded product which appeared contain monomer, oligomers, 
and magnesium halide. adduct diphenylvinylphosphine oxide with 
magnesium bromide was prepared separately, and although the material 
formed yellow colored species with Grignard reagents, did not poly- 
merize. The initiation mechanism depicted requires that the organic 
group from the catalyst should present the polymer endgroup, 
and infrared evidence was obtained for endgroups oligomers 
prepared with the use bromide catalyst. 

Chain propagation believed take place insertion monomer 
molecules into the polymer catalyst bond ITI, which coordination 
the entering phosphine oxide group with the catalyst precedes addition 
the vinyl group. 


(CeHs) Wad 


This process similar the one proposed for the Grignard- 
catalyzed polymerization 2-vinylpyridine. Since polymerizations 
toluene and tetrahydrofuran are generally heterogeneous, this step may 
also analogous many polymerizations the Ziegler-Natta type. 
Propagation probably fast step compared formation II, since 
addition diphenylvinylphosphine oxide solution excess phenyl- 
magnesium bromide solution yields polymer but Grignard 
addition product. 

Chain growth probably continues until the rate reduced polymer 
insolubility the solvent. However, the absence protonating 
chain-transfer reagents, both the colors and initiation activity the 
polymers persist when polymerization has ceased, and toluene tetra- 
hydrofuran solvents, spontaneous termination does not appear occur 
rapidly 25°C. 

the absence kinetic data not possible assign the influence 
the Grignard reagents steric polar effects the organic and 
halogen components. The organic group, would play important 
role initiation, and the ease heterolytic cleavage the organo- 
magnesium bond and the ease carbanion, R~, attack the vinyl 
group would affect the initiation step. The effects the magnesium 
halide component the catalyst may reflect changes the rate propaga- 
tion. increasing polarity magnesium halides the order 


6+ 
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MgCl, would expected retard polymerization increas- 
ing the delocalization the terminal carbanionic charge. 

The role the solvent this reaction may ascribed the effect 
polymer solubility and solvation the propagating complex. Solvation 
the complex ethers other donor solvents could 
influence the stereochemistry propagation. polymer crystallinity 
due stereospecific mode monomer addition, likely that the 
phosphine complex responsible for the orientation. The 
stereoregulating properties the complex may originate from polar, steric, 
purely surface effects, but the absence crystallinity polymers 
prepared tetrahydrofuran pyridine suggests that, these donor 
solvents, solvation the catalyst-polymer complex interferes with the 
orienting effect this adduct. 


Other Ionic Initiators 


this series reactions, those described previously, the choice 
solvent and temperature was limited the low solubility the monomer. 
The preferred low temperature conditions frequently required for ionic 
polymerizations were not practicable for most the suitable solvents. 


TABLE 
Polymerization Diphenylvinylphosphine Oxide Various Catalysts 


Poly- lyst] THF- 
zation mer] ature, 
Catalyst method 10? Solvent 
7.0 Pyridine —40 9.6 


Diphenylvinylphosphine oxide was only sparingly soluble toluene below 
room temperature and heptane below 75°C., while solutions 
tetrahydrofuran and pyridine were heterogeneous below and 
—40°C., respectively. 

with Grignard reagent catalysis, measure the effectiveness 
each initiator was deduced from the percentage conversion tetrahydro- 
furan-insoluble polymer (MW 4000), although oligomers were produced 
all the catalyst systems described. The data Table summarize the 
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effects different catalysts polymerizing diphenylvinylphosphine 
oxide. 

Tributylaluminum-Transition Metal Halide Catalysts. Catalysts pre- 
pared from triisobutylaluminum titanium 
tri- tetrachloride yielded only oligomers molecular weight below 2000. 
Evidence was obtained that the polymerizations were complicated the 
formation metal halide—phosphine oxide complexes since the oligomeric 
products were isolated the form yellow materials which 
were shown, analysis, contain titanium. interesting note 
that boron trifluoride and aluminum trichloride also form adducts with the 
monomer, from which the latter can regenerated unchanged treat- 
ment with water. However, treatment diphenylvinylphosphine oxide 
solutions with catalyst prepared from tri-n-butylaluminum and trichloro- 
tris (tetrahydrofuran) yielded polymer, 30% the prod- 
ucts having intrinsic viscosities dimethylformamide 0.05 and above. 
possible that the chromium trichloride tritetrahydrofuran structure 
sterically unable form complex with the phosphine oxide groups 
and polymerization facilitated. 

Organo lithium proved more effective 
polymerization catalyst pyridine —40°C. than toluene 25°C. 
The failure 9-fluorenyllithium produce high molecular weight poly- 
mers, even tetrahydrofuran —50°C., may the result retarda- 
tion initiation due steric hindrance the addition fluorenyl 
anion. 

Sodium Naphthalene. This initiator effective for the polymerization 
diphenylvinylphosphine oxide tetrahydrofuran. The data Table 
indicate that conversion polymer increased decreases both 
initiator concentration and reaction temperature. Insolubility the 
monomer and polymer tetrahydrofuran temperatures below —30°C. 
probably limiting factor the exploitation this system, since 
decrease reaction temperature from —30°C. —70°C. lowers the 
yield polymer. 

Reaction Mechanisms. Polymerizations n-butyllithium and 
sodium naphthalene presumably proceed through anionic chain mecha- 
nism similar type that postulated for Grignard-catalyzed reactions. 
However, these systems there the possibility 1-4 additions since 
the phosphine oxide terminal groups are not complexed with metal 
halide. The oligomers prepared with n-butyllithium toluene solution 
produced amorphous x-ray diffraction patterns, and this further evidence 
that stereoregular polymerization this monomer requires the formation 
phosphine oxide—catalyst complexes. 


Samples this compound were kindly provided Dr. Krause and Dr. 
Leto. 
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IV. Ionic Copolymerization Diphenylvinylphosphine Oxide 


Diphenylvinylphosphine oxide and methyl methacrylate both poly- 
merize under the influence Grignard reagents. was interest, 
therefore, study the effect adding Grignard reagents mixed solu- 
tions the two monomers and determine the effects, any, varia- 
tions the monomer ratios. The results obtained with the use 


butylmagnesium bromide and phenylmagnesium bromide are shown 
Table VI. 


TABLE 
Copolymerization Diphenylvinylphosphine Oxide and Methyl 


Phenylmagnesium 


bromide 
n-Butylmagnesium bromide DPVPO 
DPVO co- 
Conversion, copolymer, Conversion, polymer, 


Polymerization method Grignard (1.56 moles); 
(4.4 moles); toluene (100 ml.); reaction time, hr. 
Based diphenylvinylphosphine oxide (DPVPO). 


Addition these Grignard reagents mixtures diphenylvinylphos- 
phine oxide and methacrylate toluene brought about the forma- 
tion low molecular weight copolymers which contained high propor- 
tion the phosphine oxide. The intrinsic viscosities the products 
suggest chain lengths about twenty monomer units containing only 
three four molecules methyl methacrylate. The copolymer composi- 
tion and yield were not changed significantly large variations the 
monomer ratio changes Grignard reagent. methyl methac- 
rylate homopolymer was isolated from these reactions, although, 
absence diphenylvinylphosphine oxide, methyl methacrylate yields 
homopolymer having molecular weight 670,000 2.2 
under identical conditions. 

anionic copolymerization process this type between two mon- 
omers, and necessary establish anion will initiate mon- 
omer and conversely anion will initiate monomer 
ingly, methyl methacrylate and diphenylvinylphosphine oxide were each 
initiated with phenylmagnesium bromide 25°C. Immediately after 
initiation, the alternate comonomer was added. The methyl 
late anion did not initiate diphenylvinylphosphine oxide, but the diphen- 
ylvinylphosphine oxide formed copolymer with methyl methacrylate. 
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Thus, mixture the two monomers 25°C., block copolymeriza- 
tion limited the addition methyl methacrylate monomer poly- 
(diphenylvinylphosphine oxide) anions. 

The evidence indicates that addition organomagnesium halide 
mixture the two monomers brings about initiation the phosphine 
oxide only. This may due the stronger complexing power the 
phosphine oxide with the catalyst. Following initiation, the phosphine 
oxide probably polymerizes independently the second monomer until 
the homopolymerization retarded polymer insolubility until all 
the diphenylvinylphosphine oxide consumed. Addition few methyl 
methacrylate units the chain ends can then occur. appears that 
methyl methacrylate addition essentially termination reaction, and 
this may due the inability the catalyst transfer from the phos- 
phine oxide group the carbonyl group methyl methacrylate. Under 
these conditions, the charge separation required for the addition more 
than two three methyl methacrylate units would too great allow 
propagation occur. Furthermore, since the terminal methyl methac- 
rylate anion cannot initiate addition phosphine oxide monomer mole- 
cules, the chains are effectively terminated. Confirmation such process 
provided the ability sodium naphthalene-initiated 
vinylphosphine oxide) anion yield high molecular weight copolymers 
with methyl methacrylate. this reaction, catalyst transfer not in- 
volved each monomer addition step, and methyl methacrylate addi- 
tion the poly(diphenylvinylphosphine oxide) anion can occur without 
hindrance. 

the absence air protonating agents, polymerization mixtures 
diphenylvinylphosphine oxide initiated Grignard reagents retained 
yellow orange color for several days. the color due polymer 
anions, such species appear essentially non-terminating 25°C. 
and may initiate the anionic block polymerization other vinyl monomers. 
unterminated oligomer diphenylvinylphosphine oxide was prepared, 
therefore, from phenylmagnesium bromide, and aliquots the mixture 
were added solutions acrylonitrile, methyl methacrylate, and styrene. 
The results are shown Table VII. 


TABLE VII 
Treatment Vinyl Monomers With Unterminated Poly(diphenylvinylphosphine) 
Oxide* 


methacrylate 0.01 
Acrylonitrile 0.08 
Styrene 


moles) and (4.4 moles) 124 ml. THF toluene 
mixture. After hr. reaction 25°C., aliquots were transferred syringe. 
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The behavior unterminated poly(diphenylvinylphosphine 
anions with methyl methacrylate agreement with the data Table 
VI. Although addition methyl methacrylate occurs, extensive poly- 
merization does not take place. With acrylonitrile, block copolymeriza- 
tion occurs greater extent give product which predominantly 
polyacrylonitrile. However, under identical conditions, styrene under- 
goes reaction with poly(diphenylvinylphosphine oxide) although was 
demonstrated that sodium naphthalene-initiated polystyrene forms 
copolymer with diphenylvinylphosphine oxide. this reaction, 
—70°C., addition the phosphine oxide monomer the red polystyrene 
solution brought about immediate color change yellow. The final 
product contained mole-% the phosphine oxide 0.33 

The block copolymerization data consistent with the concept that 
the poly(diphenylvinylphosphine oxide) anion will not initiate copoly- 
merization with less-polar monomer such styrene, but will undergo 
copolymerization with more activated monomers such acrylonitrile 
methyl methacrylate. The anionic reactivity the three comonomers 
known the order, acrylonitrile methyl methacrylate styrene, 
and the results described, indicate that diphenylvinylphosphine oxide 
falls between methyl methacrylate and styrene this reactivity scale. 
This consistent with the half-wave polarographic reduction potentials 
the monomers (acrylonitrile e.v., methyl methacrylate 
—2.22 e.v., diphenylvinylphosphine oxide —2.40 e.v.. and styrene 
e.v.). but not with the dipole moments (acrylonitrile 3.51 
methyl methacrylate 1.77 0.05 D., diphenylvinylphosphine oxide 
4.57 0.07 D., and styrene 0.37 (Here values are versus 
saturated calomel electrode dimethylformamide acetonitrile (for 
styrene); dipole moments quoted are for benzene solutions.) 

Dipole moment measure ground-state polarity, while anionic 
reactivity transition-state phenomenon which responds both the 
inductive and conjugative properties the molecule. The half-wave 
reduction potential monomer represents the ease with which that 
monomer can accept electron. is, thus, convenient measure 
monomer reactivity which responds the ground-state and transition 
state influences similar manner the values used Graham 
For diphenylvinylphosphine oxide, the conjugative electron with- 
drawal the phosphine oxide group cannot transmitted readily through 
phosphorus,'* and this molecule thus shows lower anionic reactivity 
than acrylonitrile methyl methacrylate spite the higher dipole 
moment. 


EXPERIMENTAL 
Monomers 


Diphenylvinylphosphine oxide was prepared the two methods de- 
scribed Rabinowitz and Pellon.? Since ionic polymerizations this 
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material were sensitive trace impurities and water, rigorous purifica- 
tion procedure was required. This was accomplished several recrys- 
tallizations from mixtures, 
white, crystalline product, m.p. 

Methyl methacrylate (Rohm and Haas, uninhibited) was distilled 
reduced pressure from hydride and was stored under 
nitrogen flask sealed rubber serum-cap stopper. 
this material and other liquid monomers were effected hypodermic 
syringe. 

Styrene (Dow 99) was purified and dried passage through 
chromatography tube containing activated alumina and calcium hydride. 

Acrylonitrile was dried over magnesium sulfate and was distilled through 
in. glass helix-packed column give fraction boiling 77°C. 


Solvents 


Toluene (Baker and Adamson, Reagent Grade) was dried distilla- 
tion from sodium and from calcium hydride and was stored over 
hydride reduced pressure vacuum system. 
(Fisher Certified Reagent) was dried distillation under argon from so- 
dium and from lithium aluminum hydride. Sodium naphthalene was 
prepared the solvent complete the drying process and the green mix- 
ture was stored darkened flask attached vacuum system. Pyr- 
idine was refluxed for hr. over potassium hydroxide pellets, before 
distillation into flask containing barium oxide, and was stored reduced 
pressure vacuum system. 


Catalyst 


Grignard chloride, n-butyl bromide, iodide, 
tert-butyl bromide, and bromobenzene (Eastman Organic Chemicals) 
were used prepare Grignard reagents dropwise addition the organic 
halide magnesium turnings tetrahydrofuran (for polymerizations 
that solvent), diethyl ether, 50% diethyl ether toluene. The 
Grignard reactions were carried out under atmosphere dry nitrogen 
argon, with stirring glass-covered magnetic stirrer bar. After 
completion the organic halide addition the mixtures were refluxed for 
hr., and cooled 25°C before-use. Organomagnesium halide concen- 
trations were estimated the acid—base titration method 
with the exception that the mixtures were not boiled with water before 
titration. bromide presented special case since, 
the event incomplete Grignard formation, residual tert-butyl bromide 
would hydrolyzed rapidly during titration, thus causing partial neutral- 
ization the titratable magnesium salts. (n-Alkylmagnesium bromides 
and iodides would subject the same error hot aqueous mixtures.) 
Compensation for this effect with bromide was made 
computing the actual Grignard concentration from the mean the 
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theoretical and observed titration figures, assuming that, after hydrolysis, 

(3.7 moles) was introduced syringe through 
serum cap stopper into toluene (100 ml.) contained argon-filled, 250 
ml. flask. this mixture was added heptane solution tri-n-butyl- 
aluminum (2.5 moles) (obtained from Orgmet Chemicals). The 
black suspension was stirred 25°C. for min. addition the 
monomer solution. 

heptane solution triisobutylaluminum (25 vol.-%) (Ethyl Corpora- 
tion) was prepared under nitrogen atmosphere. 20-ml. sample this 
solution was added syringe stirred suspension titanium trichloride 
moles) heptane (200 ml.). The mixture was then heated 
75°C. for min. before addition the monomer. 

heptane solution tri-n-butylaluminum (2.5 moles) was 
added syringe solution trichlorotris(tetrahydrofuran) chromium- 
(III) moles) toluene (100 ml.). The violet color changed 
brown, and the mixture was stirred 25°C. for min. before removal 
aliquot hypodermic syringe. 

Other solution pentane) was obtained 
from Orgmet Chemicals. The concentration this catalyst was deter- 
mined titration phenolphthalein endpoint. 

9-Fluorenyllithium was prepared from excess fluorene treatment with 
n-butyllithium tetrahydrofuran method similar that described 
Goode The catalyst concentration was computed from the 
amount n-butyllithium employed. 

Sodium naphthalene solutions were prepared reaction naphthalene 
with metallic sodium dry tetrahydrofuran, flask attached 
vacuum system. The catalyst concentration was estimated from the 
naphthalene concentration. 


Polymerization Techniques 


Polymerization reactions were carried out the absence air and 
moisture one two techniques, designated methods and 

Method was used for the majority polymerizations, and involved 
solvent transfer and monomer polymerization within glass vacuum 
system. typical example weighed amount diphenylvinylphos- 
phine oxide g.) was placed 250 ml., three-necked flask which was 
fitted with glass-covered magnetic stirrer bar and serum-cap stopper. 
The flask was then attached the vacuum system and the monomer was 
dried under vacuum. Solvent (100 ml.) was then condensed 
into the flask calibration mark, and the mixture was stirred and warmed 
room temperature measured amount catalyst solution 
was transferred argon-filled hypodermic syringe, and was added the 
stirred monomer solution through the serum-cap stopper. 
suspension usually formed immediately after catalyst addition, and each 
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reaction mixture was then stirred for the required 
time (usually hr.). 

Method differed from the first method that the monomer was dried 
within the reaction flask vacuum oven 50-60°C. The flask was 
then swept stream dry-nitrogen argon was fitted dis- 
tillation assembly, and solvent was then distilled in. Polymerizations 
were then performed under atmosphere the inert gas. 


Isolation Polymers 


the conclusion each reaction, air was admitted the reaction vessel 
and the color was bleached. Insoluble polymer was removed filtration, 
and inorganic salts were removed treatment with aqueous acid. 
separation the products into fractions different molecular weights 
was affected according insolubility tetrahydrofuran (MW 4000), 
toluene (MW 2000), and heptane (monomer and oligomers). 
example reaction, diphenylvinylphosphine oxide g., 2.2 moles) 
was polymerized toluene (100 ml.) n-butylmagnesium iodide (1.50 
moles) for hr. 25-26°C. The toluene-insoluble products 
were separated into THF-insoluble (3.3 g., m.p. and THF- 
soluble (0.9 g., The toluene-soluble material was 
precipitated n-heptane and consisted oligomers (0.3 g., m.p. 
135°C.). polymers were purified washing with hydrochloric acid 
followed precipitation from dimethylformamide into water and were 
subsequently dried vacuum oven. 


Measurements 


Solution viscosities were measured Cannon viscometers 30°C. 
using benzene, chloroform, ethanol, dimethylformamide solvents. 
the latter two solvents the measurements were complicated reduced 
specific viscosity increases with increasing dilution. 

Molecular Weights. number different methods were used at- 
tempts estimate molecular weights. Products molecular weight 
below 2500-3000 were soluble chloroform, and number-average values 
were obtained vapor pressure thermistor technique using this solvent. 
Attempts obtain molecular weights oligomers boiling point eleva- 
tion ethanol acetic acid gave low values which indicated the existence 
strong interactions. This was consistent with the 
ease hydrate formation and the solution viscosity behavior. Mo- 
lecular weights oligomers were obtained melting point depression 
camphor, which corresponded satisfactorily with those obtained lower- 
ing vapor pressure. Oligomers, prepared using 
bromide initiator showed weak infrared absorption 1250 
which appeared result from teri-butyl endgroups. The absorption in- 
tensity this peak for representative oligomer (MW 2300 vapor- 
pressure thermistore technique, 0.025) was used estimate the 
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molecular weight, and the results agreed well with the alternative data. 
Light-scattering measurements polymer dimethylformamide 
25°C. indicated that material reduced specific viscosity 0.1 (1% con- 
centration) corresponded weight-average molecular weight 9000. 

Crystallinity. Polymer crystallinity was detected means x-ray 
diffraction patterns powdered polymer, according the relative sharp- 
ness the diffraction rings. Polymers designated amorphous gave dif- 
fuse diffraction patterns, while the crystalline modifications displayed 
marked sharpening the diffraction features which was indicative 
increase crystal order. 


The authors wish thank Dr. Joseph Pellon for suggesting the topic and for his 
interest and helpful comments. also thank Dr. Siegel for performing the x-ray 
tests, Mr. Jura for the polarographic data, Dr. Best for dipole moment 
data, Mrs. Fiala for solution viscosity work, and Dr. Rabinowitz for advice 
concerning the monomer synthesis. The assistance various members the Research 
Service Deprtaments these laboratories obtaining molecular weight data also 
gratefully acknowledged. 
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Résumé 


examiné les réactifs Grignard, les composés organolithiques, naphtaléne 
sodium ainsi que les catalyseurs métallique comme in- 
itiateurs polymérisation d’oxyde diphénylvinylphosphine. Les catalyseurs les 
plus efficaces furent les réactifs Grignard naphtaléne-sodium. Avec catalys- 
eurs Grignard, poids moléculaires des polyméres supérieur 10.000 sont produits 
bien que quantité, poids moléculaire cristallinité des produits soient influencées 
par les composants organiques halogénés catalyseur par solvant réaction. 
Les études copolymérisation indiquent que réactivité anionique 
diphénylvinylphosphine est intermédiaire entre styréne méthacrylate méthyle. 
Pour catalyse par réactif Grignard mécanisme polymérisation type 
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anionique est proposé suppose transition formation d’un composé 
d’addition d’organo-magnésium. 


Zusammenfassung 


Grignard-Verbindungen, Organolithiumverbindungen, Natriumnaphthalin und Alu- 
wurden auf ihre Brauchbarkeit als Starter 
fiir die Polymerisation von Diphenylvinylphosphinoxyd untersucht. wirksamsten 
erwiesen sich Grignard-Verbindungen und Natriumnaphthalin. Mit Grignard-Katalys- 
atoren wurden Polymere mit einem Molekulargewicht bis 10.000 gebildet, wobei 
Ausbeute, Molekulargewicht und der Produkte von der organischen und 
der Halogen-Komponente des Katalysators sowie vom Lésungsmittel waren. 
Copolymerisationsversuche zeigten, dass die anionische von Diphenyl- 
phosphinoxyd zwischen der von Styrol und Methylmethacrylat liegt. Fiir die Grignard- 
Katalyse wird ein anionischer Polymerisationsmechanismus mit Bildung eines 
Organomagnesium-halogenidaddukts Ubergangszustand angenommen. 
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Anionic Polymerization Acrylonitrile Various 


Catalysts 


ARIEL OTTOLENGHI, SAMUEL BARZAKAY,* 
and ALBERT ZILKHA, Department Organic Chemistry, The Hebrew 
University, Jerusalem, Israel 


Synopsis 


The polymerization acrylonitrile was studied using cyclo- 
sodium, fluorenylithium, and phenyllithium, and was compared poly- 
merization with butyllithium. With phenyllithium and fluorenyllithium tetrahydro- 
furan, termination was found chain transfer monomer. The homogeneous 
polymerization dimethylformamide carried out both high and low catalyst con- 
centrations showed that high catalyst concentrations the molecular weights 
polymer increased sharply with monomer concentration using cyclopentadienyllithium 
and sodium, unlike the case polymer obtained with butyllithium and 
fluorenyllithium. The increase molecular weight due what has been previously 
found that the cyclopentadieny] anion acts polyfunctional catalyst leading initia- 
tion polymerization various places the ring. The basic strength the catalyst 
investigated, determined from the ability polymerize monomers decreasing 


INTRODUCTION 


continuation previous works the anionic polymerization 
acrylonitrile and butyllithium? low 
catalyst concentrations, have studied its polymerization different 
solvents other catalysts such as: phenyllithium, fluorenyllithium, cyclo- 
pentadienyllithium, and sodium. 

The results are compared these obtained with the classical anionic 
catalyst butyllithium wide range catalyst concentrations. 

The order the basic strength this series catalysts was obtained 
comparing their reactivity the polymerization acrylonitrile, 
methacrylate and styrene. 


EXPERIMENTAL CONDITIONS 


The purification materials and the polymerization procedure was 
described The preparation cyclopentadi- 
and butyllithium? has been described. 


*Present address: Polymer Department, The Weizmann Institute Science, 
Rehovoth, Israel. 


3643 


ay 


OTTOLENGHI, BARZAKAY, ZILKHA 


Cyclopentadienyllithium 


The general procedure for the preparation cyclopentadienylsodium! 
tetrahydrofuran was followed. lithium the form wire was used 
(2.3 lithium for ml. cyclopentadiene). The reaction was carried out for 
4hr. 0°C. The catalyst solution was centrifuged and kept the cold 
under nitrogen. The yield determined titration was 90%. 


Fluorenyllithium 


The general procedure for the preparation cyclopentadienyllithium 
tetrahydrofuran was followed. The fluorene used (m.p. was 
recrystallized twice from methanol and twice from hexane and kept 
vacuum desiccator. The yield fluorenyllithium was 90%. 


Molecular Weight Determinations 


Polymer samples were further purified and dried for molecular weight 
determinations. Viscosities polymer solutions dimethylformamide 
were measured Ostwald viscometer. Average molecular weights 
the polymers were calculated from intrinsic viscosities using the equation 
Cleland and 


RESULTS 


The heterogeneous polymerization acrylonitrile tetrahydrofuran 
was studied using fluorenyllithium and phenyllithium catalysts, and the 
homogeneous polymerization dimethylformamide was investigated using 
fluorenyllithium, cyclopentadienyllithium, and sodium. 


Effect Monomer Concentration 


The dependence molecular weight monomer concentration tetra- 
hydrofuran was studied using fluorenyllithium (Table and phenyllithium 


TABLE 
Polymerization Fluorenyllithium 
Dependence Molecular Weight Monomer Concentration* 


0.45 0.113 
0.45 0.085 
0.90 0.098 
0.90 0.101 
0.90 0.089 
1.80 0.122 
1.80 0.115 


= 


Experimental conditions: catalyst 1.2 mmole (24 dissolved tetra- 
hydrofuran, was added one portion solution acrylonitrile tetrahydrofuran. 
The total volume the polymerization mixture was kept constant (50 ml.) polymeriza- 
tion temp. 2°C., time min. 
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(Table II). The molecular weights obtained were independent monomer 
concentration the range investigated. The effect monomer concen- 
tration was also studied dimethylformamide solvent using cyclopenta- 


TABLE 
Polymerization Phenyllithium 
Dependence Molecular Weight Monomer Concentration* 


Run Yield, [n], 


419 0.45 0.095 3000 
420 0.45 0.087 2700 
401 0.90 0.095 3000 
402 0.90 0.106 3500 
417 0.90 0.113 3800 
418 0.90 0.101 3300 
421 1.80 0.111 3700 
422 1.80 0.115 3900 


Experimental conditions: catalyst 4.2 mmole (84 dissolved ml. 
ether, was added one portion solution acrylonitrile tetrahydrofuran. The 
total volume the polymerization mixture was kept constant (50 ml.), polymerization 
temp. 2°C., time min. 


TABLE III 
Polymerization Various Catalysts High Catalyst Concentrations 
Dependence Molecular Weight Monomer Concentration* 


Yield, [n], 


2) 


& 
b 


0.099 


Experimental conditions: catalyst solution 3.4 mmole (68 was added 
one portion solution acrylonitrile dimethylformamide. The total volume 
the monomer, the catalyst solvent (held always constant ml.) and the solvent were 
kept constant, (50 ml.). Polymerization temp. 2°C., time min. 

Catalyst solvent was tetrahydrofuran. 

Catalyst solvent was petroleum ether. 

molecular weights are only rough approximation the polymers are 
branched. 


524 
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dienyllithium, cyclopentadienyl sodium, and fluorenyllithium catalysts. 
This was investigated two catalyst concentrations: high (68 
and low (1-1.5 Table and Table IV, respectively. The 
results are compared with those obtained with butyllithium (Table III and 
Table IV) the same range catalyst concentrations. was found 


TABLE 
Polymerization Various Catalysts Low Catalyst Concentrations 
Dependence Molecular Weight Monomer 


Run Yield, [n], 

550 0.45 0.195 7,900 
551 (1.0 0.45 0.204 8,400 
588 1.80 0.318 15,100 
589 1.80 0.311 14,700 
590 0.45 0.195 7,900 
591 (1.2 0.45 0.167 6,400 
592 0.90 0.245 10,700 
593 0.90 0.275 12,500 
594 0.90 0.280 12,800 
595 1.35 0.390 19,900 
596 1.35 0.396 20,300 
597 1.80 0.495 ,300 
598 1.80 0.496 
752 0.45 0.111 3,7 
753 (1.5 0.45 0.104 3,400 
748 0.90 0.189 7,600 
765 0.90 0.188 7,500 
750 1.80 0.275 12,500 
751 1.80 0.255 11,300 
610 0.45 0.198 8,000 
611 (1.12 0.45 8,000 
606 0.90 0.392 20,000 
607 1.80 0.642 ,600 


Experimental conditions: Catalyst solution was added one portion solution 
acrylonitrile dimethylformamide. The total volume the monomer, catalyst 
solvent (held always constant ml.) and the solvent were kept constant (50 ml.). 
Polymerization temp. 2°C., time min. 

Catalyst solvent was tetrahydrofuran. 

Catalyst solvent was petroleum ether. 

The molecular weights the polymers obtained these catalysts are only rough 
approximation the polymers are branched. 


(Table that contrary butyllithium and fluorenyllithium, the molecu- 
lar weights increased sharply with monomer concentration the high cata- 
lyst concentrations using cyclopentadienyllithium 
sodium. low catalyst concentration (Table 1V) the molecular weights 
increased with monomer concentration. 
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Effect Catalyst Concentration 


The molecular weights were found independent catalyst concen- 
tration tetrahydrofuran using fluorenyllithium (Table and phenyl- 


lithium (Table 


Run 
No. 


711 
719 
704 
712 
720 
708 
701 
702 
721 
724 
745 


dimethylformamide using cyclopentadienyllithium 


TABLE 
Polymerization Fluorenyllithium 
Dependence Molecular Weight Catalyst Concentration* 


Catalyst, [Catalyst], 


mmole 
0.6 12.0 
0.6 12.0 
1.2 24.0 
1.2 24.0 
1.2 24.0 
1.4 
2.2 44.0 
2.2 44.0 
3.0 60.0 
3.0 60.0 
3.0 60.0 


Yield, 


o7 
/0 


[nl], 


0.100 
0.089 
0.098 
0.101 
0.089 
0.101 
0.096 
0.106 
0.089 
0.100 
0.087 


3250 
2750 
3150 
3300 
2750 
3300 
3050 
3500 
2750 
3250 


Experimental conditions: catalyst dissolved tetrahydrofuran was added one 
portion solution acrylonitrile (0.90 tetrahydrofuran. The total 


volume the polymerization mixture was kept constant (50 ml.). 


temp. 2°C., time min. 
The monomer was dropped into the polymerization mixture during min. 


Run 
No. 


435 
436 
401 
402 
417 
418 


TABLE 


Polymerization Phenyllithium 


Polymerization 


Dependence Molecular Weight Catalyst 


Catalyst, [Catalyst], 


mmole 


to 


36.0 
36.0 
84.0 
84.0 
84.0 
84.0 


Yield, 


70 


[n] 


0.111 
0.122 
0.095 
0.106 
0.101 
0.113 


Experimental conditions: catalyst dissolved diethyl ether (held always constant 
ml.) was added one portion solution acrylonitrile (0.90 tetra- 
The total volume the polymerization mixture was kept constant (50 
ml.). Polymerization temp. 2°C., time min. 


hydrofuran. 


(Table the catalyst range (1-10 there was small increase 
molecular weight with decreasing catalyst concentration, the change 
being much smaller than that found with butyllithium. 
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TABLE VII 


Polymerization Cyclopentadienyllithium and Butyllithium 
Dependence Molecular Weight Catalyst 


Run Catalyst, [Catalyst], Yield 

574 0.060 1.2 0.245 10,700 
575 0.060 1.2 0.275 12,500 
576 0.060 1.2 0.280 12,800 
577 0.125 2.5 0.232 9,900 
578 0.125 2.5 0.214 8,900 
579 0.250 5.0 0.194 7,800 
522 0.500 10.0 0.180 7,100 
523 0.500 10.0 0.201 8,200 
606 0.056 1.12 0.392 20,000 
638 0.125 2.50 0.320 15,200 
604 0.225 4.50 0.236 10,200 
619 0.450 9.00 0.190 7,600 


Experimental conditions: catalyst solution was added one portion solution 
acrylonitrile (0.90 dimethylformamide. The total volume the monomer, 
the catalyst solvent (held always constant ml.) and the solvent were kept constant 
(50 ml.). Polymerization temp. 2°C., time min. 

Catalyst dissolved tetrahydrofuran. 

Catalyst dissolved petroleum ether. 

molecular weights the polymers obtained this catalyst are only rough 
approximation the polymers are branched. 


Effect Temperature 


The effect temperature was studied tetrahydrofuran using 
lithium temperature range (—50 20°C.) (Table VIII). Both the 
molecular weight and yield increased with lowering temperature. 


TABLE VIII 


Polymerization Fluorenyllithium 
Dependence Yield and Molecular Weight Temperature* 


Run Temperature, Yield, [n], 

734 0.269 12,200 
743 —20 0.149 5,500 
703 0.098 3,150 
712 0.101 3,300 
720 0.089 2,750 
740 0.075 2,200 
733 0.077 2,300 
737 0.071 2,050 


Experimental conditions: catalyst 1.2 mmole (24 dissolved tetrahydro- 
furan was added one portion solution acrylonitrile 0.90 tetrahydro- 
furan. The total volume the polymerization mixture was kept constant (50 
Polymerization time min. 
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semilogarithmic plot molecular weight against the reciprocal the poly- 
merization temperature gave straight line whose slope corresponds 
difference activation energy between propagation and termination 3.2 
keal./mole calculated from the equation, M/dT 


DISCUSSION 


the previous work! the polymerization acrylonitrile cyclo- 
pentadienylsodium, was found that the anion acted 
polyfunctional catalyst capable initiating polymerization all places 
the ring. This was due the aromatic character the 
anion which has five equivalent resonance structures with resonance 
energy even higher than benzene (42 and the high acidity 
the methylene hydrogen cyclopentadiene (pK, comparable 
that methanol (pK, This behavior similar that known 
about the cyanoethylation reaction cyclopentadiene when 
formed even when the ratio acrylonitrile 
the cyclopentadiene used only 

The investigation the acrylonitrile polymerization butyllithium? 
wide range catalyst concentrations, showed that high catalyst con- 
centrations termination was chain transfer monomer, and low cata- 
lyst concentrations termination was monomolecular. 

the present work, the polymerization with the anion 
was further investigated wide range catalyst concentrations, and the 
dependence molecular weight monomer concentration was investigated 
both high and low catalyst concentrations, and compared with the 
classical butyllithium catalyst. Investigations were carried out with 
fluorenyllithium which similar the catalyst, see 
behaves similarly polyfunctional catalyst, since known that 
acrylonitrile gives with fluorene 

With cyclopentadienyllithium sodium the molecular weights increased 
with increase monomer concentration both high (68 (Table 
and low catalyst concentrations (1.12 (Table com- 
pared butyllithium (Table III and Table IV), seen that the molecular 
weights the polymers obtained high catalyst concentration were con- 
stant and independent monomer concentration, while the low butyl- 
lithium concentrations (1.12 the molecular weights increased 
with increasing monomer concentration was reported before 

principle the mechanism the polymerization acrylonitrile both 
the anion and butyllithium might similar, and termina- 
tion should transfer monomer the high catalyst concentration. 
The increase molecular weight high catalyst concentrations found with 
the anion compared that obtained with butyllithium, 
should therefore due the special reactivity the cyclopentadienyl 
anion, and was found before, the increase molecular weight due 
the fact that the anion acts polyfunctional catalyst. 
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was suggested! that there exists equilibrium between terminal 
cyclopentadiene group attached polymer chain and unreacted cyclo- 
sodium follows: 


This equilibrium favor the formation the 
anion the polymer the cyano group which the hydrogen 
the cyclopentadiene strong electron withdrawing group. 

The fact that only with cyclopentadienyllithium 
sodium, the molecular weight increased strongly (about 300%) with mono- 
mer concentration high catalyst concentration, supports this hypothesis, 
that high catalyst concentrations, this equilibrium should favor 
the formation IT. 

also possible that the hydrogen position terminal cyclo- 
pentadiene group polymer (due its high acidity) acts terminator 
the polymerization (chain transfer polymer) follows: 


Therefore the increase molecular weight the high catalyst concen- 
trations due branching the end groups. 

The results the ozonolysis the polymers (Table show clearly 
that only the polymers obtained with cyclopentadienyl catalysts were 
degraded and not those with butyllithium. This compatible with the 
results found that the branched polymers are degraded scission 
the ring which the center branching. 

With fluorenyllithium tetrahydrofuran seen from Tables and 
that the molecular weights are independent catalyst and monomer con- 
centrations the catalyst concentrations (12-60 investigated, 
consistent with chain transfer termination. 

lower catalyst concentration (1.5 dimethylformamide the 
molecular weight increased with monomer concentration, but high cata- 
lyst concentration (Table IV) the molecular weights remained constant and 
were the same order those obtained with butyllithium. 

These results show clearly that the anion behaves similarly 
the butyllithium but not the anion; with 
anion branching The acidity the methylene hydrogen the 
fluorene endgroup much smaller than that cyclopentadiene (pK, 
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20). This explains why termination chain transfer monomer 
would preferred that chain transfer polymer suggested for the 
case cyclopentadiene mentioned above. Also, steric effects position 
the fluorenyl endgroup (the only place where branching can occur) may 
hinder the possibility branching. 

The increase molecular weight increasing the monomer concentra- 
tion with fluorenyllithium dimethylformamide very low catalyst con- 
centrations therefore due the same cause that earlicr found with the 
butyllithium, i.e., monomolecular termination, where the molecular weight 
increased with monomer concentration according the 
other hand, with the anion this increase molecular 
weight low catalyst concentrations can due both branching was 
found earlier! and monomolecular termination found with the classical 
catalyst 


Polymerization with Phenyllithium 


Tables and seen that the molecular weights obtained 
are constant and independent monomer and catalyst concentration, 
consistent with termination chain transfer monomer. may 
mentioned that the molecular weights obtained were the same order 
those obtained with fluorenyllithium. 


Activity the Catalyst 


The catalysts butyl-, phenyl-, fluorenyl-, and cyclopentadienyl-lithium 
are derived from the following hydrocarbons arranged order increasing 

The basic strength the anions derived from these hydrocarbons would, 
course, the opposite order, that the anion will 
the weakest catalyst. 


TABLE 
Catalyst Relative Activity* 
Monomer 
Methyl 
Catalyst Acrylonitrile Styrene 
Butyllithium 
Phenyllithium 
Fluorenyllithium 
Cyclopentadienyllithium 
Cyclopentadienylsodium 


Plus (+) indicates polymerization, indicates polymerization. 

found that phenyl lithium does not polymerize methyl methacrylate 
reacts with its ester group. 

The monomer polymerized only under drastic conditions (in bulk and temperature 
about 
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known the reactivity anionic polymerization the following 
vinyl monomers the order: acrylonitrile methyl methacrylate 
styrene. 

Styrene needs stronger base than acrylonitrile polymerized. 
From the investigation the possibilities the polymerization these 
monomers the above catalysts (Table seen that styrene was 
polymerized butyllithium and phenyllithium but not fluorenyl- 
lithium cyclopentadienyl lithium; while methyl methacrylate was 
polymerized with difficulty the anion, showing that 
the order reactivity the catalysts decreases the order: butyl 

The anion, which has two more electrons (of the carbanion) than 
those required the aromatic sextet, does not have the stability 
aromatic anion possessed the anions, and 
therefore more reactive and stronger catalyst than these two. 
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Résumé 


seurs avec celui butyllithium. Avec fluorényllithium constatait 
dans tétrahydrofuranne une terminaison par transfert chaine sur monomére. 
effectué polymérisation homogéne dans diméthylformamide, fois des 
concentrations basses élevées catalyseur, démontré que, employnat des 
concentrations élevées cyclopentadiényllithium -sodium, les poids moléculaires 
augmentaient brusquement avec concentration monomére; contrairement ceux 
qu’on obtenait avec fluerényllithium. poids molécul- 
aire est due qu’on avait trouvé précédemment, savoir que cyclopenta- 
diényle agit comme catalyseur polyfonctionnel qui initie polymérisation plusieurs 
places noyau. basicité des catalyseurs examinés, déterminée sur base leur 
aptitude polymériser des monoméres diminuante, était dans butyl 


Zusammenfassung 


Die Polymerisation von Acrylnitril mit Cyclopentadienyllithium und -natrium sowie 
mit Fluorenyl- und Phenyllithium wurde untersucht und mit der butyllithium-angereg- 
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ten Polymerisation verglichen. Mit und Fluorenyllithium Tetrahydrofuran 
wurden die Ketten durch Ubertragung zum Monomeren abgebrochen. Die 
formamid bei hoher und niederer Katalysatorkonzentration durchgefiihrte homogene 
Polymerisation zeigte, dass bei Verwendung von Cyclopentadienyllithium und -natrium 
das Molekulargewicht bei hoher Katalysatorkonzentration mit der Monomerkonzen- 
tration scharf zunimmt; das steht Gegensatz den Ergebnissen mit Butyl- und Fluo- 
renyllithium. Die Molekular-gewichtszunahme ist durch die gefundene Tat- 
sache bedingt, dass das Cyclopentadienylanion als polyfunktioneller Katalysator wirt 
und zum Polymerisationsstart verschiedenen Stellen Ring fiihrt. Die aus der 
Fahigkeit zur Polymerisation von Monomeren mit abnehmender abgeleitete 
Reihenfolge der Basenstiirke der untersuchten Katalysatoren war: Butyl Phenyl 
Fluorenyl 
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Oxine-Formaldehyde Polymers and Their 
Metallic Chelates 


ROBERT HORROCKS and EUGENE WINSLOW, University 
Rhode Island, Kingston, Rhode Island 


Synopsis 


Sulfurie acid, sodium hydroxide, acid, and acid were investigated 
catalysts for the condensation oxine with formaldehyde. were found promote 
the condensation aqueous solution under conditions reflux, although variation 
the time required was found. The condensation was effected without catalyst between 
sealed container intimately mixing oxine with paraformaldehyde. 
condensation polymers are soluble phenol and acids stronger than 
acid. Chelation obtained dissolving the polymer acid, adding solution 
containing the ion chelated, and adjusting the the mixture value suffi- 
ciently high soas favorchelation but not high metallic hydroxide. 
Heat stability was thermogravimetry and differential thermal analysis. 
All samples degraded (began lose weight) 270°C. below. The mode decom- 
position the polymer chelates appears independent the metallic ion, but the 
free polymer different. Its initial weight loss (between 270 and very gradual 
compared the chelates. 320°C. reverts form similar that the chelate. 
second difference the free polymer that the rate function 
temperature, while that the polymer chelates not. The chelates may therefore 
hold interest use ablative materials. third difference that the free polymer 
melts beginning about 190°C. The chelates not melt. 


INTRODUCTION 


Much research being directed toward the preparation polymeric 
chains which are propagated the formation metallic chelates. Some 
success has been achieved formation polymers through chelation but the 
physical properties the resulting polymers leave something de- 
sired. This report discusses research which was aimed producing con- 
ventional polymer chains the type but which also 
had the capacity for formation metallic ion chelated crosslinks. 
hoped that the polymer chain may give the desirable physical properties 
conventional polymers and that the subsequently formed chelated cross- 
links might impart additional desirable properties such thermal stability. 
This report deals with the formation (8-hydroxy- 
polymers and their metallic chelates. Thermal 
stabilities measured thermogravimetry and differential thermal 
analysis are reported also. 
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DISCUSSION 


Electrophilic substitution would expected take place the 
and positions oxine (8-hydroxyquinoline) which correspond the 
para and ortho positions phenol. Other reactions oxine, such 
halogenation, acetylation, and nitration, take place preferentially the 
and positions. The fused ring oxine reduces the possibility cross- 
linking such that experienced phenol-formaldehyde condensation poly- 
mers. The oxine-formaldehyde polymers are linear, therefore, and are 
thermoplastic compared with thermosetting poly- 
mers. chelation with metallic ions were occur between the oxine— 
formaldehyde chains, thermosetting polymer would produced the 
chelated crosslinks. 

condensation polymer was easily formed using 
sulfuric acid the catalyst. The polymer produced was soluble acids 
stronger than acetic and phenol. was not soluble concentrated 
sodium hydroxide solution. had degree polymerization 2.2. 


100 


an 
n 


Microns 


Fig. spectra oxine-formaldehyde condensation polymer. 


Prolonged sulfuric acid catalyzed condensation over period several 
days produced higher molecular weight material 6.1). The poly- 
mer was washed hot water. 

Condensation oxine with formaldehyde using sodium hydroxide 
catalyst gave vigorous reaction the melting point oxine. Purifica- 
tion the polymer was difficult because chelation the sodium ions. 
Because the polymer not soluble sodium hydroxide solution, precipita- 
tion occurs during polymer formation thus severely limiting the degree 
polymerization. 

Formic acid and oxalic acid catalysis was used because these catalysts 
can removed after polymerization virtue their ability pyrolyze 
form volatile decomposition products. acid preferable be- 
cause formic acid volatilizes such during the polymerization. Because 
oxalic acid somewhat weak, its catalytic activity requires reaction time 
much 100 hr. order produce polymers with 5.2. 

intimate mixture oxine and paraform the absence catalyst 
yielded polymer with 6.5. The reaction was carried out 
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Transmission 


Microns 


Fig. spectra oxine. 


15 


ml 0. 1 N NaOH 


Fig. Potentiometric titration free polymer 0.1N HCl. 


249°C. sealed hydrogenation bomb. This polymer was the one used 
for heat stability studies. 

Molecular weight measurements were made bromination with bro- 
mate and bromide ions, allowing the excess bromine convert iodide 
iodine and titration with thiosulfate starch iodide end point. This 
method has been used with oxine for the quantitative determination 
magnesium forming the oxinate which determined 
this method bromine adds the five and seven positions the ring 
only. Since these are the positions blecked the methylene groups 
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the polymer, bromine can add only the two end positions given poly- 
mer chain, thereby providing method counting chains. 

The infrared spectra both oxine and oxine-formaldehyde condensa- 
tion polymer (oxalic acid-catalyzed) are included for comparison (Figs. 
and 2). Absorptions the carbon—hydrogen stretching region the 
polymer are attributed the methylene group and are indicative poly- 
mer formation. 

potentiometric titration condensation poly- 
mer plotted hydrochloric acid was used the sol- 
vent; therefore, equivalence point occurred which corresponds that 
hydrochloric acid and sodium hydroxide seven. Another equiv- 
the transition the polymer the form the cation going the undis- 
sociated form similar the behavior oxine itself and substituted oxines.? 
substantiation polymer formation found the observation 
that precipitation seen occur the same range and known that 
the polymer soluble acid but not water. 


Thermal Stability 


The thermal stabilities the oxine-formaldehyde polymers and their 
metallic ion chelates were examined use thermogravimetry and 
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Fig. TGA thermogram free polymer. 


120 : 
110 
100 
ne 90 
80 
70 
a 
60 
4 > 
10 
10( 200 400 500 600 


OXINE-FORMALDEHYDE POLYMERS 3659 


Exothermic 


Endothermic 


100 200 300 400 500 
Temperature 


Fig. DTA thermogram free polymer. 


differential thermal analysis. All curves were run 
air atmosphere. The differential thermal analysis processes were 
out without using any effluent gas. 

the case the unchelated polymer there 
excellent correlation between the TGA and the DTA very slight 
decrease weight appears the TGA curve (Fig. This can at- 
tributed loosely held volatiles such water. very broad endotherm 
appears this range the DTA curve endo- 
therm appears the melting point oxine. 180°C. another endother- 
mic reaction appears which persists about During this 
same range the TGA curve shows constant weight. degradative reaction, 
accompanied only small weight loss, suggested 270°C. This 
reaction possibly the formation xanthene adduct 7,7-bis(8- 
hydroxyquinoline) methane. The formation this intermediate helps 
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explain why chelates not exhibit analogous behavior. 320° weight 
loss and exothermic change occurs. The erratic nature the DTA curve 
suggests gaseous evolution. The excellent correlation between the TGA 
and the DTA curves indicates the probability that one particular 
route degradation preferred. 


Stability the Zinc Chelate 


Figures and are and differential thermal analysis 
curves showing the thermal stability the zine chelate 
formaldehyde polymer. Weight loss the TGA curve begins 
270°C. the case the free polymer. There initial 
the weight loss the free polymer. break the DTA curve oc- 
curs 325°C. where the arresting reaction the free polymer ceases. 
Both these suggest that the phenolic hydrogen involved the arrest- 
ing reaction such would needed for xanthene adduct. 


Weight mg. 
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100 200 300 400 500 600 
Temperature °C. 


Fig. TGA thermogram chelate. 


The TGA curves indicate that the chelate degrades lower initial 
temperature than that required begin degradation the free polymer. 
The rate degradation, however, slower for the zine chelate. in- 
crease molecular weight caused intermolecular chelation might the 
means which chelation slows the degradation the polymer. 
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Endothermic 


200 300 400 500 600 800 


Temperature °C. 


Fig. DTA thermogram zine chelated polymer. 


Chelates oxine-formaldehyde polymers with ions copper, lead, 
iron, antimony, and nickel were formed and tested thermogravimetry 
and differential thermal analysis. The curves were essentially the same 
those for zine. case did chelation increase thermal stability over 
that the free polymer. 


EXPERIMENTAL 


Condensations Oxine and Formaldehyde 


Sulfuric Acid-Catalyzed Condensation. three-necked 
flask was fitted with reflux condenser, Teflon-bladed agitator, and ther- 
mometer and charged with oxine (77.0 g.) and formaldehyde (36.6 
37% formalin). This mixture was heated until the oxine melted. this 
point the agitator was started and ml. concentrated sulfuric acid 
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were added. The temperature was increased reflux. After hr. the 
condenser was rearranged remove the volatile material. The residue 
was recovered and used subsequent steps. 

necked flask fitted with Teflon-bladed agitator, reflux condenser, and 
thermometer was charged with oxine (77.0 g.) and formaldehyde (53 
37% formalin). This was heated until the oxine melted. few drops 
saturated sodium hydroxide solution were added. The temperature 
rose quickly 100°C., and much fuming occurred. After about min. 
the reaction subsided, and the temperature dropped 94°C. The re- 
maining portion base was added, bringing the total 3.3 The 
temperature was brought gentle reflux. Within min. globules 
polymer were noted the blood-red reaction mixture. After about 
min. the polymer phases separated one large globule which wound it- 
self around the agitator. When min. reaction time had elapsed the 
polymer was separated decantation the water phase. 

Oxalic Acid-Catalyzed Condensation. one-liter resin flask which 
was fitted with Teflon-bladed agitator and reflux condenser was charged 
with 800 water, acid dihydrate, oxine, and 26.6 ml. 
37% formalin. The reaction mixture was brought reflux and held 
that temperature for hr., during which time the color changed from 
pale yellow dark during the course the reaction 
additional amounts (generally ml. twice day) 37% formalin were 
added. the end the reaction time the reflux condenser was rearranged 
distil off the volatile portion. the volatiles were distilled off, 
point was reached which there was rather sharp change viscosity. 
Within few minutes after this, the viscous mass suddenly foamed into 
fine orange foam. this point agitation was stopped and the heating 
mantle was removed. 

When the reaction mixture cooled the foam was placed open con- 
tainer which was placed oven until the foam struc- 
ture was completely broken down and the gassing diminished. 

Formic Acid-Catalyzed Condensation. one-liter resin flask which 
was fitted with Teflon-bladed agitator and reflux condenser was charged 
with 500 water, oxine, 82.7 ml. formic acid, and 26.6 ml. 37% 
formalin. The mixture was brought reflux. Within min. reddish- 
brown material started precipitate the sides the flask. Formic 
acid (13 ml.) was added, and the precipitate dissolved. Polymerization 
was continued another hr., which time the volatile portion was 
distilled off, leaving the product residue. 

Noncatalyzed Condensation. hydrogen bomb was charged with 
oxine which had been intimately mixed with 13.6 91% para- 
formaldehyde. The inlet and exit ports the bomb were 
bomb was placed the rocker heater and slowly brought about 240°C. 
over period hours and then allowed cool. formalde- 
hyde and moisture were driven off heating. 
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Chelate 


The oxine-formaldehyde condensation polymer (0.1998 g.) was dis- 
solved about ml. 0.1N acid. this 0.855 zine 
chloride was added and the adjusted 4.5 with NaOH. 
1.7 bright yellow precipitate appeared. After standing overnight 
the had not changed from 4.5. The precipitate was filtered off and 
dried. 


Molecular Weight 


Approximately 0.1 polymer which had been dried oven 
110°C. for hr. was accurately weighed and dissolved ml. 
acid. Potassium bromide g.) was added and two drops 
0.1% solution the sodium salt methyl red. This solution was titrated 
with solution potassium bromate, stoppered, and allowed 
stand for min. Potassium iodide g.) and starch indicator solution 
(2.5 ml.) were added and the solution titrated the starch-iodide endpoint 
with 0.1N solution sodium thiosulfate which had been previously 
standardized against the potassium bromate solution used earlier. The 
degree polymerization was calculated according 


where the degree polymerization, the weight polymer 
grams, and the molecular weight repeating polymer unit (159.17). 


This research was supported part with the Army Quartermaster 
Research and Engineering Command, Natick, Massachusetts. 
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Résumé 


sulfurique, sodium, formique oxalique ont été 
introduits comme catalyseurs pour condensation formaldéhyde. 
trouvé que tous favorisent condensation dans une solution aqueuse sous reflux, bien 


que temps requis soit variable. condensation été effectuée, sans catalyseur, entre 
200°C 240°C, dans récipient scellé, mélangeant maniére trés intime 
formaldéhyde. Les polyméres condensation oxine-formaldéhyde sont solubles 


dans phénol les acides plus forts que obtient une chélation 


dissolvant dans acide, ajoutant une solution qui contient qui doit 
étre chélaté ajustant mélange une valeur élevée pour que 


chélation soit favorisée sans que métallique précipite. stabilité ther- 


mique été déterminée par par différentes les 


décomposition des polyméres chélatés semble étre indépendante 
perte poids initiale (entre 270°C 


métallique, mais libre est 
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320°C) est progressive compare aux chélates. 320°C elle retombe 
d’une forme similaire cele chélate. Une seconde différence avec polymére 
libre est que vitesse décomposition est une température, tandis que 
celle des polyméres chélatés pas. les chélates peuvent étre intéressants 
comme matériel ablatif. Une différence est que libre commence 
fondre environ 190°C, alors que les chélates fondent pas. 


Zusammenfassung 


Natriumhydroxyd, Ameisensiiure und wurden als Katalysa- 
toren fiir die Kondensation von Oxin mit untersucht. Alle erwiesen sich 
als Promotoren fiir die Kondensation unter Riickfluss, die erforder- 
liche Zeit war aber verschieden. Katalysator liess sich die Kondensation zwischen 
200°C und 240°C einem zugeschmolzenem Behiilter durch innige Vermischung von 
Oxin und Paraformaldehyd 
sind Phenol und als Essigsiiure Chelatbildung wird durch 
des Polymeren Zufiigen einer des als Chelat bindenden 
und Einstellen des der Mischung auf einen fiir die Chelatbildung geniigend hohen, 
aber nicht zur des Metallhydroxyds fiihrenden Wert erreicht. 
keit wurde durch thermogravimetrische und differentialthermische Analyse bestimmt. 
Alle Proben zeigten einen Abbau (beginnenden bei 270°C oder darun- 
ter. Die Zersetzungsweise der polymeren Chelate scheint vom Metallion unabhingig 
sein, das freie Polymere sich aber verschiedenartig. Sein Anfangsgewichts- 
verlust (zwischen 270° und 320°C) steigt Vergleich dem der Chelate sehr langsam 
an. Bei 320°C nimmt eine Form wie bei den Chelaten an. Ein weiterer 
Unterschied des freien Polymeren besteht darin, dass die Zersetzungsgeschwindigkeit 
eine Temperaturfunktion ist, wihrend das bei den Polymerchelaten nicht der Fall ist. 
Die Chelate kénnen daher zur Verwendung als abtragende Stoffe von Interesse sein. 
Ein dritter Unterschied ist der, dass das freie Polymere von etwa 190°C schmelzen 
beginnt. Die Chelate schmelzen nicht. 
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BOOK REVIEW 


Editor 


Makromolekulare Stoffe, Part Vol. XIV, Methoden der Organischen 
Chemie Ed, Georg Thieme Verlag, Stuttgart, 
1963. LXXII 1251 pp., 272.00. 


This book Part the massive work entitled that 
comprises Volume XIV the Methoden der Organischen Chemie. The 
review the first part has previously appeared the Journal Polymer Science, Al, 
1471 (1963). Whereas Part dealt primarily with addition polymerization vinyl and 
divinyl compounds, the subject matter Part the preparation macromolecular 
substances through polycondensation, ring-opening polymerization, and polymerization 
the polyurethan-type. The latter methods are referred the German literature 
and this text The use this term most unfortunate 
since the terms and should considered 
synonymous, just condensation polymerization and polycondensation are synonymous. 

Specifically, Part covers the preparation polymers the following types: polycar- 
bonates, polyurethans, polyamides, amino resins, phenolic resins, acetal resins, and var- 
ious polyacetals, well the polymerization heterocyclic compounds. addi- 
tional large chapter devoted the reaction natural and synthetic macromolecular 
substances, e.g., reactions preformed synthetic polymers, natural rubber, cellulose, 
and starch. The final chapter deals with the proof structure macromolecular 
compounds. covers chemical analysis and analysis functional groups, 
cludes with 110-page listing all publications dealing with the determination 
polymer properties according the type analysis. 

the case Part the coverage extensive and includes much recent work. 
Parts and Volume thus serve comprehensive survey the entire litera- 
ture polymer preparation, and should prove exceptional value all chemists 
working this area. The publication this work represents major addition the 
literature macromolecules and every laboratory concerned with polymers will find 
extremely useful. Unfortunately, the high price this book will allow few chemists 
acquire personal copies. 

Contributors Part are Herlinger, Hoffman, Husemann, Istel, 
Kern, Krimm, Miiller, Rinke, Schmitz-Josten, Schneider, Schulz, 
Spielberger, Wegler, and Werner. 

Fittingly, this book dedicated Otto Bayer the occasion his 60th birthday. 


Norbert Bikales 


Gaylord Associates, Inc. 
Newark, New Jersey 
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ERRATA 


Apparatus for Measuring the Dynamic Modulus Thin 
Polymer Films 


(article Polymer Sci., Al, 1585-1600, 1963) 


Packaging Division, Film Operations, Olin Mathieson Chemical Corporation, New Haven, 
Connecticut 


1586, lines and 16, eq. (1), for should read (1/27). 

1586, last and penultimate lines, eq. (2), for should read 
1587, line eq. (3), for should read 


Molecular Weight Distribution Velocity Ultracentrifugation 


(article Polymer Sci., 62, 179-196, 1962) 
Shell Development Company, Emeryville, California 
page 194 eq. (41) should read 
Equation (42) should read 
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